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Preface 

The entirety of the work presented in this dissertation has been carried out at the 

Institute of Chemical Research of Catalonia (ICIQ) during the period of January 2019 

to June 2022 under the supervision of Professor Ruben Martin. The thesis contains five 

chapters: a general introduction, three research chapters, and the last chapter with a 

general conclusion of all the research work. Each of the research chapter includes a 

brief introduction and the aim of the respective topic, followed by a discussion of the 

experimental results, mechanistic analysis, conclusions, and experimental sections. The 

relevant references and their numbering are independently organized by chapters. 

 

The first chapter deals with a general introduction of the background of the Ni-

catalyzed cross-coupling reactions. A particular focus is on Ni-catalyzed C-O 

functionalization reactions and reductive cross-electrophiles coupling reactions. 

 

The second chapter, “Deciphering the dichotomy exerted by Zn (II) in the catalytic 

sp2 C–O bond functionalization of aryl esters at the molecular level”, describes the 

mechanistic study of Ni-catalyzed Negishi cross-coupling reactions of aryl esters with 

aryl zinc reagents. This work provides access to on-cycle mononuclear oxidative 

addition complexes and studies their reactivity and decomposition pathways. During 

this work we uncover intriguing reactivity of Zn(II) salts that result in parasitic ligand 

scavenging, oxidation events, and the formation of NiZn clusters. We provide evidence 

that coordinating solvents disrupt these processes and offer insight for designing more 

efficient Ni-catalyzed reactions. The results of this chapter have been published in Nat 

Catal. 2021, 4 (2), 124-133, in collaboration with Dr. Rosie Somerville. 

 

The third chapter, “A Room Temperature-Stable Magnesium Electride”, describes 

the synthesis of highly-reduced bipyridyl magnesium complexes possessing intriguing 

electronic properties, unique bonding geometries and to our knowledge is the first 

magnesium stabilized electride reported. These complexes serve as unconventional 

homogeneous reductants due to their high solubility, modular redox potentials and the 

formation of insoluble, non-coordinating by-products upon oxidation. The applicability 

of these reductants are showcased by accessing low valent (bipy)2Ni(0) metal species 

that are otherwise challenging. The results of this chapter are currently under review, 
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and performed in collaboration with Cuong Dat Do, Carlota Odena, Jordi Benet-

Buchholz, Liang Xu, Cina Foroutan-Nejad and Kathrin Hopmann. 

 

The fourth chapter, “Elucidating Electron Transfer Events for Polypyridine Ligated 

Nickel Complexes”, presents factors responsible for key elementary steps of electron 

transfer in disproportionation, comproportionation and reduction for polypyridine 

ligated nickel complexes. A representative example of pseudohalide and halide ligated 

Ni(II) complexes are studied in which a change in anionic ligand results in significantly 

different reactivity during electron transfer events. While Ni(II)-halides react by 

comproportionation with Ni(0) complexes to form Ni(I) species, we identify that Ni(II)-

pseudohalides are unreactive and the corresponding Ni(I)-pseudohalides react by 

disproportionation. Factors responsible for disproportionation or comproportionation 

are further investigated electrochemically and computationally. The implications of 

these findings are related to the formation of off-cycle species, reduction events and 

catalysis, suggesting a blueprint for the development of future nickel-catalyzed 

reactions. The results of this chapter are under review, and performed in collaboration 

with Stephanie Ton, Angel Renteria Gomez, Achyut Gogoi, and Osvaldo Gutierrez. 

 

General conclusions are of this Doctoral Thesis are presented in Chapter 5.  
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Abbreviations & Acronyms  

DMA = N,N-Dimethylacetamide 

PCy3 = Tricyclohexylphosphine 

tBu = tert-Butyl 

SOMO = Singly occupied molecular orbital 

QTAIM = Quantum theory of atoms in molecules 

bipy = 2,2’-Bipyridine 

XRD = X-ray diffraction 

DFT = Density functional theory 

EN = Electronegativity 

THF = Tetrahydrofuran  

tAmOMe = tert-Amyl ethyl ether 

PhMe = Toluene 

TMDSO = Tetramethyldisiloxane 

COD = 1,5-Cyclooctadiene 

NaOtBu = Sodium tert-butoxide 

SIPr = 1,3-Bis(2,6-diisopropylphenyl)imidazolidine 

OPiv = Pivalate 

Ar = Aryl 

Nep = Neopentylglycol ester 

Bpin = 4,4,5,5-Tetramethyl-1,3,2-dioxaboronic ester 

NHC = N-Heterocyclic carbene  

dcype = Ethylenebis(dicyclohexylphosphine) 

dcypt = 3,4-Bis(dicyclohexylphosphino)thiophene) 

dtbpe = 1,2-Bis(diisopropylphosphino)ethane 

OAc = Acetate 

DMF = N,N-Dimethylformamide  

PPh3 = Triphenylphosphine 

DMPU = N,N′-Dimethylpropyleneurea 
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4,4-OMe-bipy = 4-4’-Dimethoxy-2-2’-bipyridine 

box = Bisoxazoline 

DME = Ethylene glycol dimethyl ether  

dtbppy = 4,4′-Di-tert-butyl-2,2′-dipyridyl 

acac = Acetylacetonate  

ΔG = Gibbs free energy  

BDFE = Bond dissociation free energy 

tol = Tolyl 

phen = 1,10-Phenanthroline 

pyrox = Bisoxazoline 

dppe = 1,2-Bis(diphenylphosphino)ethane 

SCE = Saturated calomel electrode 

SET = Single electron transfer   

Cp = Cyclopentadienyl 

P(OPh)3 = Triphenyl phosphite 

MeCN = Acetonitrile 

Dipp = 2,6-Diisopropylphenyl 

IPr = 1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene) 

equiv = Equivalent  

r.t. = Room temperature  

m = Meta  

o = Ortho 

p = Para  

t = Tert  
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Abstract 

The chemical industry is reliant on metal catalysts for the production of 

pharmaceuticals, fuels, commodity chemicals, and modern materials. Earth-abundant 

metals such as nickel are emerging as attractive, more sustainable alternatives to 

traditional precious-metal catalysts due to their abundance and distinct reactivity 

compared to their counterparts. Notably, nickel catalysts offer similar reactivity to 

palladium catalysts that the pharmaceutical industry is dependent on. In addition, nickel 

has the added possibility to easily access open-shell electronic configurations and react 

as a harder, more electropositive and smaller analogue. These properties allow nickel 

to activate a range of typically inert electrophiles, or undergo single electron reactions 

which palladium catalysts are generally poorly suited for. This has led to the extensive 

development of reductive cross-coupling reactions which leverage the ability of nickel 

to partake in single electron oxidation or reduction events along with activating 

electrophiles by single electron transfer. A hallmark of reductive cross-coupling 

reactions, as an alternative to traditional cross-coupling reactions, is the wide scope of 

available electrophiles, improved functional group tolerance and operational simplicity 

compared to the use of nucleophilic organometallic reagents, making cross-

electrophile-coupling reactions highly attractive to synthetic chemists.  

 

Chemists have also developed innovative technologies for the functionalization of 

typically inert bonds which take advantage of the hard and electropositive nature of 

nickel to cleave C(sp2)-O bonds. Utilizing simple and readily available phenol-derived 

precursors in place of aryl halide electrophiles opens a range of untraditional 

electrophiles for the construction of molecular complexity. The ability to activate 

previously inert bonds offers new synthetic strategies to target molecules and streamline 

their synthesis while reducing waste. In line with our groups interests in Ni-catalyzed 

cross-coupling reactions, this thesis will focus on the mechanistic understanding and 

catalytic implications of key nickel catalyzed reactions in C(sp2)-O functionalization 

and reductive cross-coupling. 

 

The first research chapter focuses on studying the mechanism of C(sp2)-O bond 

functionalization of aryl esters in combination with aryl zinc reagents (Scheme 1). 

Initially we developed a protocol to access monomeric oxidative addition complexes 
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ligated with monodentate PCy3 ligands in which the ester is bound in the 1 or 2 

binding modes. The stoichiometric reactivity and decomposition pathways of these 

complexes is investigated which support that these Ni(II) complexes rapidly undergo 

transmetallation with aryl zinc reagents to afford biaryl complexes. We further identify 

an intriguing impact of Zn(II) on the catalytic transformation in which Zn(II) salts react 

in ligand scavenging, oxidation reactions and in the formation of NiZn clusters. With a 

comprehensive understanding of fundamental steps within the catalytic cycle, we 

provide evidence for the role of coordinating solvents in catalysis and disrupting 

decomposition. 

 

Scheme 1. Reaction scheme of the model C(sp2)-O functionalization reaction studied 

and key complexes crystallized. 

The following chapter then studies the effect of strong reductants on reductive 

coupling reactions employing redox active ligands in which the interaction between 

strongly reducing magnesium metal and polypyridine ligated nickel complexes is 

studied and a highly reduced bipyridine magnesium complex is isolated (Scheme 2). 

This complex possesses intriguing electronic properties, unique bonding geometries 

and to our knowledge is the first magnesium stabilized electride reported. Additionally, 

these complexes can act as homogeneous reductants due to their high solubility and the 

resulting formation of insoluble, non-coordinating by-products upon oxidation. The 

utility of these complexes is showcased by accessing otherwise challenging low valent 

metal complexes.   

UNIVERSITAT ROVIRA I VIRGILI 
UNDERSTANDING NICKEL CATALYSIS AT THE MOLECULAR LEVEL: INSIGHTS INTO C-O FUNCTIONALIZATION AND 
ELECTRON TRANSFER EVENTS 
Craig Day



 

 
 16 

 

 

Scheme 2. Highly reduced Mg-polypyridine complexes.  

The final chapter focuses on studying factors that contribute to electron transfer 

events such as comproportionation, disproportionation and reduction for polypyridine 

ligated nickel complexes (Scheme 3). Representative examples of pseudohalide and 

halide ligated Ni(II) complexes are studied in which a change in anionic ligand results 

in significantly different reactivity during electron transfer events. While Ni(II)-halides 

react by comproportionation with Ni(0) complexes to form Ni(I) species, we identify 

that Ni(II)-pseudohalides are unreactive and the corresponding Ni(I)-pseudohalides 

which can be transiently generated by anion exchange from Ni(I) halide complexes 

react by disproportionation. Factors responsible for disproportionation or 

comproportionation are further investigated electrochemically and computationally. 

The implications of these findings are related to the formation of off-cycle species, 

reduction events and catalysis, suggesting a blueprint for the development of future 

nickel-catalyzed reactions. 

 

Scheme 3. Reactions of disproportionation, comproportionation, and reduction events 

interconnecting nickel complexes and the possible implications of these results to on-

cycle or off-cycle species during catalysis.  

3-Mg4 Tetranuclear3-Mg2 Dinuclear

[Gram scale] [High yielding] [Modular redox potential][Soluble] [Versatile homogeneous reductant]

Mg1B

Mg2B

Cl1A

Mg1A

SOMO QTAIM Analysis

[(THF)4Mg4(m2-bipy)4][(THF)6Mg2(m2-bipy)(Cl)] Single Crystal XRD & DFT Analysis of Electride
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In conclusion, we have identified new fundamental organometallic reactivity and 

key organometallic intermediates that are relevant for the development of synthetic 

methodologies and for future mechanistic investigations.   

 

 

 

 

 

 

  

UNIVERSITAT ROVIRA I VIRGILI 
UNDERSTANDING NICKEL CATALYSIS AT THE MOLECULAR LEVEL: INSIGHTS INTO C-O FUNCTIONALIZATION AND 
ELECTRON TRANSFER EVENTS 
Craig Day



 

 
 18 

 

Chapter 1: General Introduction 
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1.1 General Introduction 

1.1.1 Transition-Metal-Catalyzed Reactions 

Transition-metal-catalyzed reactions have revolutionized organic synthesis in the 

way chemists synthesize medicine, fuels, commodity chemicals, and modern materials. 

The foundations for many of these reactions are rooted in fundamental organometallic 

chemistry which has led to the development of modern methodologies for rapid and 

reliable construction of C-C and C-heteroatom bonds. The importance of these highly 

efficient, mild, and functional group tolerant metal-catalyzed reactions has been 

recognized by three Nobel Prizes in Chemistry over the last two decades (Figure 1.1). 

The Nobel Prize in Chemistry was shared in 2001 between William S. Knowles and 

Ryoji Noyori for work on ¨chirally catalyzed hydrogenation reactions¨ and K. Barry 

Sharpless for ¨chirally catalyzed oxidation reactions¨. Yves Chauvin, Robert H. Grubbs 

and Richard R. Schrock were also awarded a Nobel Prize in Chemistry in 2005 ¨for the 

development of the metathesis method in organic synthesis¨ and then in 2010, Richard 

F. Heck, Ei-ichi Negishi, and Akira Suzuki were awarded the Prize for ¨palladium-

catalyzed cross couplings in organic synthesis¨. 

  

Figure 1.1 Nobel Prizes in Chemistry for the development of transition-metal-catalyzed 

reactions over the last two decades. 
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Notably, understanding the mechanistic underpinning of these reactions was essential 

to their widespread adoption and for the further development of these powerful 

methodologies.    

1.1.2 Group 10 Metal-Catalyzed Reactions 

 The impact of palladium-catalyzed cross-coupling reactions on organic synthesis 

can hardly be underestimated, accounting for over 40% of carbon-carbon bond-forming 

reactions in the synthesis of pharmaceuticals.1 Part of this success can be attributed to 

the simplicity and reliability of the catalytic transformations, in which three steps are 

commonly encountered (Figure 1.2).2 First, a low valent transition metal undergoes 

oxidative addition of an electrophile which increases the coordination number and 

oxidation state of the metal by two. This is followed by transmetallation by a 

nucleophilic (often organometallic) reagent which substitutes the metal-halide bond and 

is subsequently followed by reductive elimination to form the desired cross-coupled 

product and regenerate the low valent metal catalyst.3-6  

 

Figure 1.2 Traditional palladium-catalyzed cross-coupling reactions.  

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
UNDERSTANDING NICKEL CATALYSIS AT THE MOLECULAR LEVEL: INSIGHTS INTO C-O FUNCTIONALIZATION AND 
ELECTRON TRANSFER EVENTS 
Craig Day



 

 
 21 

 

1.1.2 Properties of Nickel 

Despite the significant advances realized, there remain many unsolved challenges 

in palladium-catalyzed reactions such as the ability to activate challenging electrophiles 

or efficiently couple C(sp3) carbon fragments.7-8 These limitations stem from the 

fundamental reactivity of palladium complexes as relatively soft, large, and 

electronegative when compared to its first-row counterparts. Addressing the limitations 

of activating strong  bonds, nickel complexes can more easily stabilize odd or even 

oxidation states, have lower reduction potentials and are less electronegative, which 

make them attractive candidates to undergo challenging oxidative addition reactions 

(Figure 1.3).6,8-10 Furthermore, considering the coupling of C(sp3) carbon fragments, the 

smaller atomic radius of nickel typically results in more strained transition states when 

forming agostic interactions with C-H bonds that enable -hydride elimination.11-13 

Slow -hydride elimination from Ni-alkyl complexes therefore allows further 

productive reactivity and limits the formation olefinic side-products. Therefore, all of 

these features make nickel-complexes particularly attractive candidate as catalysts for 

the development of new metal-catalyzed reactions.  

 

Figure 1.3 Properties of nickel complexes. 

1.1.3 Nickel-Catalyzed C(sp2)-O Functionalization 

These properties of Ni as a hard and electropositive transition-metal have resulted 

in the development of metal-catalyzed C(sp2)-O bond cleavage reactions that are 

beyond reach with palladium or platinum catalysts.14-16 While the use of aryl sulfonates 

is common in palladium catalysis, the functionalization of stronger C-O bonds such as 

aryl ethers or esters is possible with nickel catalysts. Undoubtably, the ability to 
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transform phenol derived electrophiles offers use of unconventional yet readily 

abundant feedstocks instead of traditional aryl halides.  

Pioneering work in this field can be attributed to Yamamoto and Wenkert who 

discovered that Ni(0) complexes can cleave C(sp2)-O bonds (Figure 1.4).17-20 

Yamamoto published a series of organometallic articles highlighting cleavage of the 

acyl C(sp2)-O bond (path a) or the carboxylate C(sp2)-O bond (path b). The authors 

reported selectivity based primarily on the choice of ester in which phenyl esters were 

prone to react at the acyl C-O bond while vinyl esters reacted preferentially at the 

carboxylate C-O bond. Additionally, the authors noted that modifying the ligand 

influenced selectivity between the two pathways.17-18 Wenkert further demonstrated 

aryl or vinyl methyl ethers can undergo Kumada-Corriu-type cross coupling reactions 

with Grignard reagents to afford alkylated or arylated products.19-20  

 

Figure 1.4 Pioneering studies on the mechanism of nickel-catalyzed C(sp2)-O cleavage 

and catalytic applications. 

While these early studies supported the viability of C(sp2)-O electrophiles in 

nickel-catalyzed reactions, it was not until the last two decades that the preparative 

aspects of these transformations have been sufficiently explored. In 2004 Dankwardt 

reported a more general transformation of aryl ethers than that developed by Wenkert 

by employing alkyl phosphines in combination with a nickel catalyst that provided 

improved reactivity (Figure 1.5, a).21 These studies served as the inspiration for the 

development of milder and more functional group tolerant conditions by Shi and Garg 

which transformed aryl esters into biaryl compounds with less reactive organozinc or 

organoboron reagents (Figure 1.5, b and c).22-24 Of the aryl esters studied, aryl pivalates 

were found to be ideal. As the earlier studies by Yamamoto suggest, a major undesired 
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side reaction in these transformations is cleavage of the weaker acyl C(sp2)-O bond 

(Figure 1.4, path a) which calculations of phenylacetate determine to be 80 kcal/mol vs 

106 kcal/mol of C(sp2)-O cleavage of the ester.25 Bulky aryl pivalates therefore aid in 

preventing acyl C(sp2)-O cleavage due to the increased steric hinderance which results 

in the desired ester cleavage and productive catalysis.  

 

Figure 1.5 Significant advances in C(sp2)-O bond cleavage reactions to form C(sp2)-

C(sp2) bonds. a, Reinvestigation of Kumada-Corriu cross-coupling reactions by 

Dankwardt. b, Negishi cross-coupling reaction developed by the Shi lab.24 c, Suzuki 

cross-coupling reaction developed independently by Shi and Garg.22-23   

Later studies have expanded on these developments in both preparative terms and the 

mechanistic understanding of C(sp2)-O functionalization reactions. Notable examples 
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include the reduction of aryl ethers and esters,26-30 borylation31-32 silyation33 and 

stanylation34 reactions (Figure 1.6).  

 

Figure 1.6 Advances in C(sp2)-O bond functionalization reactions. a, Examples of 

diaryl ether and alkyl aryl ether reduction. b, Borylation of aryl alkyl ethers c, Silyation 

of aryl alkyl ethers. 

Mechanistic studies into C(sp2)-O cleavage reactions have primarily studied 

systems using strongly donating NHC or alkyl phosphine ligated complexes as these 

have proven the most successful.35 Stoichiometric studies reacting aryl esters with 
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phosphine ligated Ni(0) complexes have allowed isolation of well-defined oxidative 

addition complexes. Examples by Itami include the reaction of Ni(COD)2 with 

bidentate phosphines dcype or dcypt and -extended napthyl pivalates at 100 °C to form 

(dcype)Ni(Ar)(1-OPiv) 1 or (dcypt)Ni(Ar)(1-OPiv) 2 (Figure 1.7, a).36-37 Examples 

by Love described the activation of non -extended aryl esters with dtbpe at room 

temperature in 1.5 hours to form a discrete (dtbpe)Ni(Ar)(1-OAc) complex 3 (Figure 

1.7, b).38 Later work by our group studied oxidative addition with monodentate 

phosphine PCy3, in which PCy3 bound Ni(0) complexes were demonstrated to react 

with -extended aryl esters rapidly at room temperature (Figure 1.7, C).39 Interestingly 

off-cycle, dimeric complexes such as [Ni(PCy3)]2(µ,η2-2-naphthyl)(µ-OPiv)] 4 were 

formed, which was suggested to occur from the comproportionation reaction of 

(PCy3)nNi(Ar)(OPiv) (n = 1 or 2) with Ni(0).  

 

Figure 1.7 Advances in mechanistic understand of C(sp2)-O bond functionalization 

reactions. a-b, Well-defined examples of oxidative addition of aryl esters with nickel 

ligated bidentate phosphines. c, Oxidative addition with monodentate phosphines 
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forming dimeric Ni complex. d, Indirect synthesis of the oxidative addition complex 

with aryl ethers and NHC ligated nickel complexes. 

DFT studies performed by Houk for PCy3 ligated Ni(0) complexes supported a 

traditional Ni(0/II) oxidative addition of aryl esters which was proposed to occur via a 

five-centered transition state that invokes interactions between the aryl -system and 

an extra Ni-O bond.40-41 Mechanistic studies on the hydrogenolysis of diaryl ethers by 

Hartwig with NHC ligated Ni complexes supported a traditional Ni(0/II) cycle in which 

oxidative addition is rate limiting. While the proposed oxidative addition complex 

could not be accessed by direct oxidative addition to an aryl ether, the authors provide 

an indirect synthesis from SIPr ligated Ni(0) and an aryl bromide with a pendant 

methoxide group which forms the proposed product of oxidative addition as a stable 

metallacycle 5 (Figure 1.7d).30 Studies on methyl aryl ether cleavage however are 

complicated by the tendency of the resulting oxidative addition complex 

(L)Ni(OMe)(Ar) (Figure 1.8, I) to undergo rapid -hydride elimination which forms 

formaldehyde and a (L)Ni(H)(Ar) complex II that can reductively eliminate arene.42-43 

Studies by Agapie on hydrogenolysis of aryl methyl ethers with NHC ligated nickel 

complexes supported C(sp2)-OMe cleavage via a Ni(0) oxidative addition to the aryl 

methyl ether followed by -hydride elimination and reductive elimination from the 

resultant (NHC)Ni(H)(Ar) complex.42 Subjecting deuterated substrate Ar-OCD3 to the 

standard catalytic reaction conditions saw nearly full deuterium incorporation into the 

product Ar-D (Figure 1.8, left). Interestingly, the reaction did not work in the absence 

of H2 which led the authors to propose the role of H2 was to form the catalytically active 

species, likely by hydrogenation of COD from the precatalyst Ni(COD)2 as indicated 

previously by Hartwig in their diaryl ether studies.30  
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Figure 1.8 Divergent reactivity proposed for reduction of aryl methyl ethers with 

proposed pathways responsible for instability of aryl methyl ether Ni oxidative addition 

complexes and the proposed Ni(I) silane pathway.   

Mechanistic studies by our lab43 on reductive cleavage of aryl methyl ethers using 

silanes supported an alternative mechanism with Ni(I) intermediates. While oxidative 

addition from the aryl methyl ether to PCy3-Ni(0) was shown to occur under mild 

conditions, the analogous experiments using deuterium labelled substrates found no 

deuterium incorporation in the product with Et3SiH as the reductant (Figure 1.8, right). 

Further experiments were performed by monitoring the reaction which revealed an 

induction period involving consumption of Et3SiH which tentatively supported the 

formation of a Ni(I)-silane complex IV. Additional evidence for this was provided by 

EPR analysis of the reaction mixture that revealed characteristic signals for Ni(I) 

species over the reaction time course. DFT analysis of a Ni(0/II) or a Ni(I) mechanism 

supported the possibility of the latter with (PCy3)2Ni-SiEt3 as the active catalytic species. 

1.1.4 Nickel-Catalyzed Reductive Cross-Coupling Reactions 

Reductive coupling reactions between electrophiles date back to sodium-mediated 

dimerization of alkyl halides discovered by Wurtz44 and the Cu-mediated 

homocoupling of aryl halides by Ullmann (Figure 1.9).45 While these reactions are 

conceptually interesting by reacting two electrophiles, these dimerization reactions are 

limited by their low functional group tolerance as a result of the harsh reaction 
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conditions required for the reaction to occur. Modern synthetic methodologies have 

since leveraged this concept of coupling two electrophiles into powerful technologies 

to construct molecular building blocks. First row transition-metals such as nickel have 

excelled in this area due to the properties of nickel outlined in section 1.1.2, in which 

nickel complexes can more easily stabilize odd or even oxidation states, have lower 

reduction potentials and react in both single-electron or two-electron pathways. 

 

 Figure 1.9 Cross-electrophile coupling reactions and early examples of cross-

electrophile homocoupling reactions with alkyl halides or aryl halides.  

A significant challenge in the development of reductive cross-coupling reactions 

relates back to the early examples of aryl or alkyl homocoupling reactions. As such, 

homocoupling can compete with the desired cross-electrophile coupling, particularly if 

the coupling partners share similar reactivity and reduction potentials. Strategies to 

selectively engage the cross-coupling partners have been developed to minimize these 

challenges such as the addition of one reagent in excess, electronically differentiating 

the starting materials, matching electronic and steric properties, and formulating 

catalytic cycles that undergo oxidative addition by two different mechanisms. These 

developments now offer efficient and mild reaction conditions by catalytic formation 

of reactive organometallic complexes which are operationally easy to setup and have 

increased functional group tolerance.  

Early work in nickel-catalyzed reductive coupling was performed by Semmelhack 

who reacted aryl bromides with Ni(COD)2 in DMF to form biaryl compounds.46 Later, 

Kumada published the homocoupling of aryl bromides using a PPh3 ligated nickel 

catalyst and Zn in DMF.47 While these reactions offered a mild approach to form 
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symmetric biaryl compounds, few of these early methodologies were synthetically 

useful. Nevertheless, in the past two decade nickel-catalyzed reductive cross-coupling 

reactions have offered improved synthetic utility (Figure 1.10). An early report by 

Durandetti and coworkers in 2007 demonstrated a nickel-catalyzed reductive cross-

coupling between -choloroesters and aryl iodides using Mn as a reductant.48 Weix et. 

al. expanded the scope of these reactions to alkyl iodides and aryl halides utilizing a 

Ni(II) precatalyst and bipyridine ligands.49 Significant efforts have been spent to 

expand the scope of these transformations with examples by Weix,50-52 Gong,53-57 and 

Molander.58-59 Advances in asymmetric biaryl reductive coupling reactions are notably 

distinct from the reaction between compounds of differing hybridization. Particularly 

interesting advances to access these compounds have been developed by Weix et al60 

through the merger of a duel Ni/Pd catalytic system which is effective for the coupling 

of aryl/vinyl bromides with aryl/vinyl triflates to form asymmetric biaryls and dienes. 
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Figure 1.10 Early nickel-catalyzed reductive cross-coupling reactions between C(sp2) 

and C(sp3) fragments. a, coupling of -chloroesters with aryl halides of ketones. b-c, 

coupling of aryl halides with alkyl halides.  

Mechanistic investigations of these reactions have proposed either a radical chain 

mechanism or a sequential reduction mechanism.50,61-62 In a sequential reduction 

mechanism, aryl halide electrophiles are proposed to undergo oxidative addition by 

Ni(0) complex A to afford Ni(II) oxidative addition species B (Figure 1.11). This 

complex then undergoes one electron reduction by a reductant to form Ni(I)-aryl 
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complex C,63 which subsequentially undergoes single electron transfer to an alkyl 

halide electrophile in a radical-rebound process. The Ni(III) intermediate D64-68 then 

undergoes rapid reductive elimination to form the desired coupling product and 

regenerates the Ni(I)-halide complex E which can be reduced to Ni(0) complex A and 

restart the catalytic cycle.  

 

Figure 1.11 Proposed pathways for radical chain mechanisms and sequential reduction 

mechanisms. 

Radical chain reactions are believed to occur by similar reactivity (Figure 1.11, 

left). The same initial step of oxidative addition from Ni(0) complex A to an aryl halide 

occurs to form Ni(II) oxidative addition complex B. Differing from the sequential 

reduction mechanism, the oxidative addition complex reacts directly with an open-shell 

alkyl radical to form Ni(III) complex D which rapidly undergoes reductive elimination 

to form the product and a Ni(I)-halide E. The resultant Ni(I)-halide reacts with the alkyl 

halide electrophile to form Ni(II)-halide complex F and an alkyl radical which escapes 

the solvent cage.69 

Mechanistic experiments supporting either radical chain or sequential reduction 

mechanisms have been studied by multiple groups.69-78 Examples demonstrating Ni(I) 

halides undergoing single electron transfer with alkyl electrophiles have been reported 

by Fu in which (Ph-Box)NiIBr 6 undergoes halogen atom abstraction with α-

bromoketone in DME at −60 °C in an estimated second-order rate constant: > 104 

M−1s−1 to form (Ph-Box)NiIIBr2 7 and a mixture of isomeric organic products derived 
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from homocoupling (Figure 1.12, a).71 Reacting [(dtbbpy)NiCl]2 8 or 

[(neocuproine)2Ni]Cl 9 with trityl chloride, Hazari demonstrated quantitative formation 

of the trityl dimer alongside the respective (dtbbpy)NiCl2 10 or (neocuproine)NiCl2 11 

complexes formed. Conversely, [(dtbbpy)NiCl]2 was found to be unreactive towards 

aryl iodides.73 DFT studies by Gutierrez and Molander have studied Ni-acac and 

bipyridine systems in wherein tertiary alkyltrifluoroborate salts independently generate 

tertiary alkyl radicals from homolytic cleavage that may undergo either inner-sphere 

reductive elimination for Ni-bipy systems or an outer sphere reductive elimination for 

Ni-acac manifolds.77 

 

Figure 1.12 Stoichiometric reactions providing evidence of radical chain reactions. a, 

Reaction of (Ph-Box)NiBr with an -bromo ketone. b, Reaction of [(dtbbpy)NiCl]2 

with trityl chloride.   

Evidence supporting a sequential reduction mechanism have also been provided by 

Diao74-75 in which electrochemical reduction of (bipy)Ni(mesityl)(Br) 12 was 

performed to generate [(bipy)Ni(mesityl)(Br)] 13 in the presence of various 

electrophiles (Figure 1.13). A linear trend was found comparing the ΔG⧧ of the reactions 

to the bond dissociation free energy (BDFE) of the carbon-halogen bond. In these 

studies, aryl bromides were found to be unreactive and reaction with cyclohexyl 

chloride proceeded slowly but 1-phenylethyl chloride or alkyl bromides and iodides 

occurred at modest rates. 
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Figure 1.13 Stoichiometric reactions providing evidence of sequential reduction 

reactions. a, Electrochemical formation of [(bipy)Ni(Br)(Mes)] and reaction with 

alkyl halides. b, Insitu formation of (phen)NiBr and reaction with aryl bromides. c, In-

situ formation of (dtbbpy)NiBr and reaction with aryl iodides. d, Stoichiometric 

reaction of (pyrox)NiBr with alkyl chlorides and aryl bromides.  

Diao also demonstrated (phen)NiBr2 14 could be in-situ reduced to form 

(phen)NiBr 15 with metallic zinc, which subsequently reacts with aryl bromides 

preferentially over alkyl bromides.76 Determining the fate of nickel species formed 

from oxidative addition of 15 to o-tolyl bromide allowed the identification of 

(phen)NiBr2 14 and (phen)Ni(o-tolyl)Br 16 in a 5:3 ratio, likely via a putative Ni(III) 

complex. These resultant species are proposed to be reduced to a Ni(I)-aryl complex 

that later on reacts with the alkyl bromide. Nevado also proposed in an experimental 

and computational study that aryl iodides can react with dtbbpy ligated Ni(I) iodide 

complexes to form a Ni(III) complex which is then reduced to a Ni(I) aryl complex 

which activates the tertiary alkyl iodide.79 Pulse radiolysis experiments by MacMillan 

supported this claim, in which in-situ generated (dtbbpy)NiBr 17 was shown to react 
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with aryl iodides with a rate of oxidative addition of kOA = 2.2 x 104 M-1s-1 to form 

(dtbbpy)Ni(o-tolyl)(I)(Br).80 Interestingly, they note (dtbbpy)NiBr 17  may dimerize 

en route to [(dtbbpy)NiBr]2 which results in no reactivity. Further stoichiometric studies 

by Nocera support that Ni(I)-halides can undergo direct oxidative addition with aryl 

halides in which they synthesized and studied a mixed Ni(I/II) complex 

[(dtbbpy)Ni(Cl)(quinuclidine)]2Cl that reacted with aryl bromides.81 Studies of pyrox 

ligated nickel complex have shown that (pyrox)NiBr 19 also reacts with aryl bromides 

but not with cyclohexyl chloride.75 

1.1.5 Reduction and Electron Transfer Events in Nickel Catalysis 

While electrochemical values vary depending on conditions, the general range of 

Ni(II/I) and Ni(I/0) reduction for phosphine, NHC, or polypyridine ligated nickel 

complexes can be compared as: Ni(dppe)2 20 (-1.08 V vs SCE for Ni(II/I) and -1.26 V 

vs SCE for Ni(I/0)), 82 (IPr)Ni(Cp) 21 (-1.04 V vs SCE for Ni(II/I) and -1.44 V vs SCE 

for Ni(I/0)),83 and (bipy)2Ni 22 (-1.24 V vs SCE for Ni(II/0)) (Figure 1.14).84  

 

Figure 1.14 Electrochemical data of phosphine, NHC, and polypyridine ligated nickel 

complexes and stoichiometric reductions of the latter.  
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With polypyridine ligands proving to be among the most used ligands in reductive 

coupling reactions, it is not suprising that chemists have been challenged to unravel 

their role in Ni-catalyzed endeavors. In the stoichiometric reduction of (dtbbpy)NiCl2 

10 with Zn to Ni(0), Weix et al found LiCl assisted reduction en route to 

(dtbbpy)Ni(COD) 23.85 This observation builds on literature precedent in which LiCl 

assists in the formation of organozinc reagents from organic halides by forming soluble 

zincates.86-89 Studying the mechanism of reductive 1,2-dicarbofunctionalization of 

alkenes, Diao et al performed the stoichiometric reduction of 2,9 sec-butyl disubstituted 

phenanthroline (phen*) ligated nickel dibromide complexes 24 with zinc and found 

reduction to the Ni(I) bromide 25 occurs rapidly.76 Cyclic voltammograms of 

(phen*)NiBr2 24 displayed reduction peaks at Ep/2 = -0.93 V vs SCE and -1.61 V vs 

SCE for Ni(II/I) and Ni(I/0) reductions respectively. The low Ni(II/I) reduction is 

consistent with previous studies by Sauvage et al in which the CV of interlocking 2,9-

disubstituted phenanthroline ligated nickel complexes displayed a Ni(II/I) reduction at 

-0.18 V vs SCE which the authors suggest is due to the greater stabilization of the 

tetrahedral geometry.90-91    

1.1.6 Comproportionation and Disproportionation of Nickel 

Complexes 

An overlooked and poorly understood example of electron transfer is in 

comproportionation and disproportionation reactions. In these reactions, two nickel 

complexes in different oxidations states converge to a single oxidation state via 

comproportionation reactions or two complexes of the same oxidation state react to 

form products of different oxidation states via disproportionation reactions (Figure 

1.15). The study of these reactions dates back to 1964 in a report by Heimbach in which 

(PPh3)2NiCl2 26 and (PPh3)4Ni 27 react by comproportionation forming (PPh3)3NiCl 

28.92 Heimbach also demonstrated the reverse disproportionation reaction could be 

induced by the addition of -accepting phosphite ligands to (PPh3)3NiCl 28, in which 

(P(OPh)3)2NiCl2 29 and (P(OPh)3)4Ni 30 are formed. The generality of 

comproportionation between Ni(0) and Ni(II) to form stable Ni(I) complexes has been 

expanded to other phosphine ligands,92-96 NHCs,97 and polypyridine ligands.73,98 

Comproportionation reactions can be visualized as the low valent Ni(0) complex acting 

as a reductant, and the Ni(II) complex acting as an oxidant which results in the 

formation of a Ni(I) complex. The reasoning behind -acids inducing 
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disproportionation from Ni(I) to Ni(0) and Ni(II) is their ability to stabilize the low 

valent Ni(0) complexes.99 However, insight into disproportionation occurring without 

the addition of -acidic ligands is still poorly defined.  

 

 Figure 1.15 Examples of comproportionation and disproportionation reactions.  
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1.2 General Aim of this Thesis 

Nickel-catalyzed cross-coupling reactions have become a powerful tool to 

assemble molecular complexity from a broad range of coupling partners including 

strong  C-O bonds. While the extensive preparative use of nickel catalysts has led to 

a qualitative understanding of reactivity, a quantitative mechanistic understanding 

remains significantly underdeveloped which hampers further advances in the field. 

Such mechanistic studies, however, are challenging to perform due to the ability of 

nickel complexes to readily undergo one or two electron reactions and the 

paramagnetism of many nickel complexes. This thesis therefore aims to expand our 

understanding of nickel-catalyzed reactions at the molecular level with a focus on the 

activation of strong C(sp2)-O bonds and reductive coupling reactions that use 

polypyridine ligands.  

The first research chapter will focus on a detailed mechanistic study of nickel-

catalyzed Negishi cross-coupling reactions of aryl pivalates in which key on-cycle 

intermediates present during aryl ester functionalization reactions remained elusive. In 

this chapter, we synthesize and study these on-cycle intermediates and disclose 

overlooked reactions between Ni and Zn to provide a full mechanistic picture of the 

reaction. The second research chapter describes an investigation into the use of reducing 

Mg in reductive cross-electrophile couplings with redox active ligands. In this 

investigation, we identify the bipyridine ligands are directly reduced by Mg to the 

dianion and a unique Mg cluster is formed which exists as the first room temperature 

stable magnesium electride reported to date. The bonding and chemistry of this complex 

is interrogated and applications as a readily handled reductant are disclosed. The final 

research chapter covers a systematic study into disproportionation and 

comproportionation of polypyridine ligated nickel complexes. This work studies the 

influence of anionic ligands in governing disproportionation or comproportionation and 

their implications in catalysis.  
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2.1 General Introduction 

2.1.1 Phenol Derived Electrophiles in Nickel Catalysis 

Phenol derived electrophiles have emerged as a stable, readily synthesized and 

abundant cross-coupling partner for a range of metal-catalyzed reactions. While aryl 

sulfonates have historically found success in palladium-catalyzed cross-coupling 

reactions, these catalysts are unable to be extended to C–O electrophiles with strong -

bonds. As Chapter 1 covers, nickel complexes offer a smaller, more electropositive 

analogue to Pd catalysts, and due to these properties, nickel catalysts have found 

success activating strong C(sp2) –O electrophiles. Preparative methodologies have now 

been developed for C-C and C-heteroatom bond forming reactions that have taken 

particular advantage of the functionalization of aryl pivalate electrophiles (Figure 2.1).   

 
Figure 2.1. C(sp2)-O electrophiles and catalytic reactions that have been developed to 

functionalize aryl pivalate into value added compounds.  
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2.1.2 Aryl Esters in Nickel Catalyzed Negishi Cross-Coupling 

Reactions 

Analyzing the literature of nickel-catalyzed C(sp2)-O functionalization reactions, 

an interesting trend emerged where Negishi cross-coupling reactions were rarely 

reported beyond an early example by Shi.1 This observation is in sharp contrast to the 

wide variety of C-C bond forming reactions using Grignard or organoboron coupling 

reagents.2-5 The conditions Shi had developed for the cross-coupling of aryl pivalate 

esters with aryl zinc reagents used (PCy3)2NiCl2 as a precatalyst in a THF/DMA solvent 

mixture at 70 °C. Other examples of Negishi cross-coupling reactions of C(sp2)-O 

electrophiles include a report by Uchiyama6 in which aryl methyl ethers were coupled 

with Ar-ZnMe3Li2 using (PCy3)2NiCl2 as a precatalyst in toluene at room temperature.  

 

Figure 2.2. Examples of Negishi cross-coupling of C(sp2)-O electrophiles. a, Negishi 

cross-coupling of aryl pivalates. b, Aryl methyl ether Negishi cross-coupling with 

electron rich organozinc reagent. c, Directed Negishi cross-coupling with electron rich 

organozinc of benzylic esters. 
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The authors note that their reaction required the use of Ar-ZnMe3Li2 and attempts 

to coupling 2-methoxynapthalene with PhZnX (X = Br, Cl, or Ph) afforded no product 

and only recovered starting material. Jarvo also reported a Ni-catalyzed Negishi cross-

coupling of benzylic methyl ethers via a traceless directing group strategy with Lewis 

acids aiding oxidative addition. The authors found that a protocol based on 20 mol % 

ligand, Xantphos or DPEphos and NiCl2(DME) (10 mol %) with dialkyl zinc reagents 

Me2Zn or Et2Zn in THF at room temperature afforded the best results.7-8 Considering 

these few reports, and the scarcity of Ni-catalyzed Negishi cross-coupling reactions via 

C(sp2)-O cleavage reactions, we suspected unidentified challenges may exist 

originating from the speciation of organozinc species. 

2.1.3 Organozinc Speciation in Negishi Catalyzed Cross-Coupling 

Reactions 

The importance of organozinc speciation and additive effects has been well-studied 

in palladium catalyzed cross-coupling reactions.9 In a study of Pd-catalyzed Negishi 

cross-coupling reactions of alkyl zinc reagents, Organ performed double titration 

experiments to investigate Zn speciation during catalysis that supported that zincate 

species were involved in transmetallation.10 A LiBr free solution of nBuZnBr was 

coupled with 3-bromo-1-phenylpropane using Pd-PEPPSI-IPr. No coupling was 

observed until ca. 1 equiv of LiBr was added, and at 1.4 equiv of LiBr quantitative 

conversion was achieved. This supported RZnBr3Li2 as the active transmetallating 

species. Alternatively, ZnBr2 has been proposed to coordinate with the active LnPd(0) 

catalyst to form inactive heterobimetallic Pd-ZnX2 complexes. Indirect support for this 

was proposed by studying the cross-coupling of 4-bromo-N,N-dimethylaniline using 

nucleophilic nBu2Zn, in which titration of ZnBr2 saw loss in activity.11  

UNIVERSITAT ROVIRA I VIRGILI 
UNDERSTANDING NICKEL CATALYSIS AT THE MOLECULAR LEVEL: INSIGHTS INTO C-O FUNCTIONALIZATION AND 
ELECTRON TRANSFER EVENTS 
Craig Day



 

 
 51 

 

 

Figure 2.3. Proposed zinc speciation dependent on varied quantities of LiBr or ZnBr2. 
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2.2 General Aim of the Project 

At the onset of this project, phenol derived aryl pivalates had been heavily explored 

in preparative methodologies as an innovative alternative to aryl halides for C-C bond 

construction. However, significant mechanistic ambiguity remained about the pathway 

by which these reactions operated at the molecular level. Inspiration to understand the 

catalytic functionalization of non-π-extended aryl esters was provided by Shi and co-

workers,1 who reported the nickel-catalyzed cross-coupling of aryl pivalate esters with 

arylzinc reagents using tricyclohexylphosphine (PCy3) as the most effective ligand 

(Scheme 2.1). Outlined below are aspects relevant to studying the mechanism of Ni-

catalyzed reactions of non-π-extended aryl esters. Although oxidative addition of aryl 

esters by nickel (0) complexes were predicted to form mononuclear oxidative addition 

complexes (PCy3)nNi(OPiv)(Ar) (n = 1 or 2) as key intermediates in cross-coupling 

reactions,12-15 their identity and carboxylate coordination mode remain unexplored. In 

addition, the role of zinc(II) speciation on the reaction outcome was unclear, even 

though they are known to be beneficial in Ni-catalyzed redox-neutral and reductive 

cross-coupling reactions.16-19 Additionally, the importance of amide solvents such as 

dimethylacetamide (DMA) are critical for the successful cross-coupling but, its impact 

on catalytic activity remains unclear. The latter aspects represent under-appreciated 

contributions to the success of many Ni-catalyzed cross-coupling reactions.20-22 We 

therefore believed these studies would provide new knowledge in the functionalization 

of strong sigma C–O bonds and nickel-catalyzed Negishi cross-coupling reactions.  

 

Scheme 2.1. General reaction being studied and the ambiguity surrounding catalytic 

activity. 
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2.3 Deciphering the Dichotomy Exerted by Zn(II) in the 

Catalytic sp2 C–O Bond Functionalization of Aryl Esters at 

the Molecular Level 

2.3.1 Synthesis and Characterization of Oxidative Addition Complexes 

At the start of our studies, on-cycle oxidative addition complexes formed from the 

direct reaction between Ni(0) complexes and aryl esters were only reported with 

bidentate phosphines such as dcype23-24 and activated π-extended aryl esters (Scheme 

2.2. complex 1). While the choice of phosphine ligand can modify chemo and 

regioselectivity in C(sp2)–O cleavage reactions,14,25-26 we wanted to further investigate 

the reactivity of widely implemented monodentate PCy3 ligands with non -extended 

systems. Our group had previously reported a mechanistic study on the Ni(0)/ PCy3-

catalyzed silylation of aryl esters and disclosed the formation of an unexpected off-

cycle dinickel oxidative addition complex (Scheme 2.2, complex 2), which highlight 

one of the differences in reactivity between monodentate vs bidentate ligands in the 

reactions of aryl pivalates.12 Kinetic studies of these dinickel complexes supported that 

dinickel complex 2 undergoes disproportionation to form the on-cycle mononuclear 

aryl-Ni(II)(OPiv) species I which then reacts by transmetallation. However, these 

studies and many others have focused on C(sp2)-O cleavage of -extended aryl esters 

due to their enhanced reactivity which is proposed to originate from the aromatic ring 

aiding binding of Ni(0) prior to C-O cleavage.27 Experimental evidence for the reactions 

of less-reactive, non--extended arenes is therefore lacking, and hence our studies 

began by developing a robust synthetic route to mononuclear aryl–Ni(II)(OPiv) species 

I (Scheme 2.2.).  

 
Scheme 2.2. Direct oxidative addition complexes formed from the reaction of Ni(0) 

and aryl pivalates. 
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Envisioning a synthesis to mononuclear aryl–Ni(II)(OPiv) species I, we believed 

that the direct oxidative addition of aryl esters to Ni(0) would result in a mixture of 

products since if oxidative addition to aryl–Ni(II)(OPiv) occurred, it would be 

immediately followed by rapid comproportionation with unreacted Ni(0) to form an 

analogue of 2 (Scheme 2.2). 12 We therefore targeted an independent synthesis via anion 

exchange, as complexes (PCy3)2Ni(aryl)Cl (4a-c, a = o-MeC6H4, b = p-MeC6H4, c = p-

CF3C6H4) could easily be prepared from the reaction between aryl chloride (3a-c) and 

Ni(0).28-29 Following the anion exchange of 4a with KOPiv in THF by 31P NMR, we 

could access 5a in 62 % yield after 16 h. The stability of 5a is proposed to originate 

from the bulky ortho methyl group which prevents axial coordination and helps limit 

associative decomposition pathway.30-31 This observation gains support, comparing the 

synthesis of 5a to 5b and 5c which are much less stable and were synthesized in low 

yields, with lower reaction times (7h and 3h respectively), and with additional 

phosphine ligand added to help stabilize the complexes from dissociative 

decomposition pathways. Crystallization of 5b and 5c allowed the comparison of 

sterically similar but electronically distinct complexes (pCF3  = 0.54, pMe  = -0.17). 

Comparing the Ni-C bond lengths, the more electron-rich complex 5b contained 

slightly longer Ni-C bonds than in electron-deficient 5c (1.897(2) Å vs 1.8865(16) Å). 

Interestingly, 5b shows a slight distortion from the P-Ni-P plane, with bonding 

interactions resembling that of a κ2-O pivalate ligand (2.7202(16) Å) being formed via 

the antibonding dx2-y2 orbital while κ1-O complex 5a contains a nearly perfect square 

planar geometry with no interaction between the oxygen atom of the carbonyl group at 

the pivalate fragment and nickel center (Ni–O = 3.0958(12) Å). 
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Figure 2.4. Indirect synthesis of monomeric oxidative addition complexes.  

With a robust synthetic route to mononuclear κ1-O oxidative addition complexes, 

we had spectroscopic handles to investigate if these complexes are generated by the 

direct oxidative addition between a Ni(0) complex and an aryl ester. Reacting a source 

of Ni(0), [Ni(PCy3)2]2N2, with o-tolyl pivalate in C6D6 at room temperature (Figure 2.5) 

and monitoring the speciation of nickel by 31P NMR spectroscopy (reference: 85% 

H3PO4) revealed the expected dinickel oxidative addition complex 6a formed as the 

major species (δ = 24.1 ppm) which could be confirmed by X-ray diffraction but also 

identified an upfield signal at δ = 37.7 ppm. This signal at 37.7 ppm is consistent with 

the formation of mononuclear κ1-O oxidative addition complex 5a, which displays 31P 

NMR signals as a 1:1 ratio with PCy3 (δ = 13.1 ppm).  
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Figure 2.5. Direct oxidative addition to form monomeric oxidative addition complexes 

and a dinuclear nickel complex. 31P NMR spectrum of 5a + CuCl shown.  

The 31P NMR spectrum of 5a displaying a 1:1 ratio of PCy3 to complex suggested 

that the solid state 1-O structure obtained crystallographically undergoes PCy3 

dissociation in solution to form a 2-O congener 5a’ which would be in equilibrium 

with the 1-O complex 5a. Indeed, performing variable temperature 31P NMR 

experiments, a new signal at 8 ppm was observed upon cooling to only 15 °C which 

would correspond to the κ1-O bis(PCy3) complex 5a. Other experiments to probe the 

solution speciation of 5a were performed by reacting 5a with phosphine scavenger 

CuCl in C6D6 in which only the signal at δ = 37.5 ppm remained (Figure 2.5). With 

these results, we propose that monomeric, 2-O bound pivalate oxidative addition 

complexes such as 5a’ are formed in the reaction of monodentate phosphines PR3-Ni(0) 

with aryl pivalates. The generation of these 2-O bound complexes, may support their 

superior reactivity and popularity in nickel-catalyzed cross-coupling reactions of aryl 

pivalates32-35 as 2-O bound complexes would be more electrophilic than their bis 

ligated counterparts and show enhanced reactivity to carbogenic nucleophiles and 

hence accelerate transmetallation. While thus far we have demonstrated strong 

spectroscopic evidence for in-situ generated mononuclear (PCy3)Ni(Ar)(κ2-OPiv) 

complexes, we aimed to provide access to isolate these complexes as a discrete entity 

to study in a well-defined setting due to their relevance in direct oxidative addition and 

catalysis. We expected however, that the lack of an extra σ-donating PCy3 ligand 

31P NMR 

(162 MHz, Tol-d8): 

5a + CuCl 
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compared to 5a-c would drastically reduce the stability of these complexes. Early 

synthetic attempts to access these κ2-OPiv complexes by scavenging PCy3 from 5a were 

unsuccessful as concentrated solutions underwent rapid decomposition, likely owing to 

the bridging capability of pivalate ligands to induce decomposition. Attempting to 

access a more robust complex, we targeted the mesityl variant of 5a which would shield 

both axial coordination sites of nickel to further prevent associative decomposition 

pathways.   

 

 
Figure 2.6. Indirect synthesis of (PCy3)2Ni(Mes)(κ2-OPiv) via anion metathesis. 

Crystal structure and 31P NMR spectrum of 8 shown. 

Synthesis of (PCy3)2Ni(Mes)Br (Mes, mesityl) 7, and then subsequent anion 

metathesis with KOPiv indeed provided access to the targeted κ2-O pivalate complex 8 

in 50% yield (Figure 2.6). Single crystal XRD of 8 unambiguously identified the κ2-O 

binding mode of the pivalate ligand, in which 8 possessed a planar, four-coordinate 

geometry with symmetric Ni-O bonds. The two similar C–O bond lengths (1.280(7) 

and 1.272(8) Å) also indicate significant -delocalization. Interestingly, the P–Ni bond 

is shorter in 8 (2.1615(18) Å) compared to κ1-O complex 5a (2.2699(4) and 2.2693(4) 

Å) suggesting the P–Ni bond is strengthened after phosphine dissociation from bis-

ligated 5a due to the more electron deficient Ni-center. The unambiguous 

characterization of κ1-O and κ2-O pivalate complexes 5a-c and 8 represents significant 

progress in our understanding of nickel-catalyzed cleavage of aryl esters and offers 

31P NMR 

(162 MHz, C6D6): 

8 
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indirect understanding to the mechanism of related C-O electrophiles such as aryl 

carbamates. 

2.3.2 Studying Disproportionation  

With these oxidative addition complexes (PCy3)nNi(aryl)OPiv (Figure 2.4, 5a-c) in 

hand, we then began to study their stability as it would provide information into 

decomposition pathways for on-cycle intermediates. Notably, during the synthesis of 

complexes 5a-c we noticed the formation of paramagnetic species with a key signal at 

δH = 27 ppm. These paramagnetic species were formed both in the indirect synthesis 

from anion metathesis or upon concentrating isolated 5a with PCy3 removed with 

phosphine scavenger CuCl. The formation of these paramagnetic complexes indirectly 

supported disproportionation reactions to form Ni(I) species with a presumed structure 

Ni(I)(OPiv)(PCy3)n, which we believed would be facilitated by the pivalate ligands that 

could act to bridge two nickel atoms. As understanding the decomposition pathways 

would provide direct insight into designing more robust catalytic conditions and 

improve catalyst turnover,21,36 we began synthetic investigations into the speculated 

Ni(I)-pivalate complexes.  

  

Figure 2.7. Indirect synthesis of Ni(I)-pivalate complexes.  

While reviewing the literature for similar complexes, we discovered that there were 

no Ni(I)-carboxylate complexes synthesized with monodentate phosphine ligands, 

which we speculated may be due to the poorer stabilization when compared to 

diphosphine37 or N-heterocyclic carbene38 analogues. Envisioning an analogous route 

to Ni(I)-pivalate complexes as the Ni(II) complexes, we began our investigations by 
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reacting (PCy3)2NiCl 9 with potassium pivalate in toluene in which bridged 

[(PCy3)Ni]2(μ-Cl)(μ-OPiv) (10) and monomeric [(PCy3)2Ni(κ2-OPiv)] (11) complexes 

could be accessed in 60% and 37% yield respectively depending on the reaction time. 

These structures were unambiguously characterized by single crystal XRD analysis 

(Figure 2.7). Comparison of the crystallographic data between the Ni(I)-pivalate and 

Ni(II)- κ2-O pivalate complexes, reveals that 11 contains a distorted tetrahedral 

geometry compared to the square planar geometry of 8 with a similar κ2-O binding to 

8. Considering the Ni-O and carbonyl C-O stretching distances of 11 and 8 also reveals 

subtle differences. Ni(I) species 11 possesses elongated Ni–O bonds (avg of 2.1245 Å 

vs 1.984 Å) and shorter C–O bonds (avg of 1.258 vs 1.276 Å). This is tentatively 

ascribed to a poorer orbital overlap of the distorted tetrahedral geometry in 11 as 

opposed to the square planar geometry of 8. The relevance of Ni(I) species such as 11 

in decomposition of on-cycle Ni(II)-aryl pivalate complexes was confirmed by 

comparing the paramagnetic 1H NMR of 11 at δH = 27 ppm, which correlated to the 

previously unidentified signals formed when concentrating phosphine free solutions of 

5a or during the direct oxidative addition of Ni(0) with o-tolyl pivalate. Together, these 

results support facile decomposition of on-cycle (PCy3)nNi(aryl)OPiv complexes to 

deactivated, off-cycle Ni(I)-pivalate species. As such for productive catalysis, these on-

cycle oxidative addition complexes should rapidly be intercepted via their 

corresponding coupling partner or transformed into a more stable intermediate to limit 

these intrinsic decomposition pathways. 

2.3.3 Unravelling the Influence of Zn on Catalyst Turnover 

With the above observations regarding the instability of (PCy3)nNi(aryl)OPiv 

complexes, and the successful cross-coupling in the presence of RZnCl supports that 

transmetallation kinetically outcompetes decomposition pathways. Considering the 

Schlenk equilibrium of ZnCl2, ZnAr2 and ArZnCl along with the buildup of zinc(II) 

salts during catalyst turnover we began investigating the interactions of these species 

on the catalytic cycle. Zinc salts are commonly found as additives or indirectly formed 

during transmetallation or reduction events in a wide variety of nickel-catalyzed cross-

coupling reactions, however, their influence of reactivity often ill-defined,16,18-19,39 and 

new understanding into the role of zinc salts may provide important insight into related 

nickel-catalyzed reactions. Therefore, we began our investigations by studying the 

influence of ZnCl2 on the nickel species within the catalytic cycle. As ZnCl2 is often 
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used as a Lewis acid, one may presume that it may assist in the catalytic reaction by 

coordination to the aryl ester to weaken the C-O bond and facilitate oxidative addition 

to Ni(0). However, reacting [Ni(PCy3)2]2N2 with o-tolyl pivalate in THF-d8 in the 

presence of ZnCl2 resulted in no conversion of o-tolyl pivalate (Figure 2.8). 

Interestingly, this supported an alternative interaction between ZnCl2 and Ni(0). 

Consistent with this proposal, reacting [Ni(PCy3)2]2N2 with ZnCl2 at room temperature 

in THF-d8 saw rapid conversion of [Ni(PCy3)2]2N2 by 31P NMR spectroscopy with the 

formation of PCy3 ligated zinc complexes [(PCy3)ZnCl2]2 (13), (PCy3)2ZnCl2 (14) and 

formation of (PCy3)2NiCl 9 in 76% yield due to oxidation of Ni(0) to Ni(I). This 

oxidation reaction between Zn(II) and Ni(0) is consistent with the reported redox 

potentials of ZnCl2 (Εred(Zn(II)/Zn(0)) = −1.002 V vs SCE; Εred(Ni(II)/Ni(0)) = −1.25 

V vs SCE).40 Crystallization of the reaction mixture also revealed the formation of an 

unorthodox Ni-Zn cluster Zn3Ni4Cl4P3C73H99 (12).  

 
Figure 2.8. Comparison of Ni(0) oxidative addition to aryl pivalates with and without 

ZnCl2 present.  

The above experiments not only support a direct interaction between Ni(0) and 

Zn(II) but also suggest that these interactions have likely been overlooked in a range of 

Ni-catalyzed reactions. A closer look at the crystallographic data of 12 demonstrate six 

Ni-Zn bonds and three Ni-Ni bonds with the latter Ni-Ni bonds being slightly longer 

than their Ni-Zn counterparts (average of 2.526 versus 2.428). Additionally, the nickel 

atoms are ligated by four PCy3 ligands. Considering the formal oxidation states of the 

atoms in 12, it consists of three Zn(I) atoms, three Ni(0) atoms, and a single Ni-Cl bond 
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which contains a bridging chloride atom. Notably, there is a lack of any Zn-Zn 

interactions, which contrasts the 12 Ni-Zn bonds and indirectly supports that initial Ni-

Zn adducts precedes the formation of 12. Such an adduct would also provide an 

intermediate for redox interactions between Ni(0) and Zn(II), as this adduct would 

contain short intermetallic distances and allow for halide bridges that would both favour 

electron transfer. The formation of 12 may be explained by a formal hard-hard 

interaction between electron-rich d10 Ni(0) center and an electrophilic 3d10 Zn(II) center. 

The similar hardness of Zn(II) and Ni(0)41 would also rationalize the phosphine 

exchange reactions observed in the formation of [(PCy3)ZnCl2]2 (13) and (PCy3)2ZnCl2 

(14). This ligand sequestering may be particularly problematic under catalytic 

conditions, as excess Zn(II) salts may sequester the ancillary ligand of the active metal 

catalyst and lead to nickel nanoparticles with little to no catalytic activity.42  

 

Figure 2.9. Crystallographic depiction of complex 12 and a proposed pathway for its 

formation.  

Reviewing the literature, related Pd-Zn species to 12 have been proposed11,43 based 

on DFT,44-47 spectroscopic studies,45 and qualitative mass spectrometric analysis,48 the 

unambiguous identification of 12 represents evidence of Ni-Zn species being formed 

within the context of nickel-catalyzed reactions. We further expect that these Ni-Zn 

adducts may be at least partially responsible for the lack of popularity and high catalyst 

UNIVERSITAT ROVIRA I VIRGILI 
UNDERSTANDING NICKEL CATALYSIS AT THE MOLECULAR LEVEL: INSIGHTS INTO C-O FUNCTIONALIZATION AND 
ELECTRON TRANSFER EVENTS 
Craig Day



 

 
 62 

 

loadings of nickel-catalyzed Negishi-type cross-coupling reactions with phosphine 

ligands compared to Pd-catalyzed protocols.16,49-50 Comparing the fundamental 

properties of these two atoms, Pd-Zn adducts may be less likely to form due to the soft-

hard mismatch between Pd(0) and Zn(II), along with the higher electronegativity of Pd 

compared to Ni (2.2 vs 1.9) and weaker metal-ligand bonds typically found in first row 

metals compared to later metals (Ni0–PH3 = 23.0 kcal mol−1; Pd0–PH3 = 41.8 kcal 

mol−1)51 which would result in less ligand exchange between Pd and Zn species when 

compared to Ni and Zn species (Figure 2.9).   

Together, these results support the notion that a number of deactivation or 

decomposition pathways may come into play with Ni-catalyzed reactions using Zn salts 

such as redox reactions, ligand sequestering or direct catalyst decomposition. While the 

experiments in Figure 2.8 highlight detrimental reactivity between Ni(0) and Zn(II), we 

wondered how other catalytic intermediates interacted with zinc salts. As such, we 

turned our attention to the reaction between oxidative addition complex 5a and ZnCl2. 

Monitoring the reaction, we observed complete conversion of 5a to Ni(II)-(aryl)(Cl) 

complex 4a at room temperature in THF-d8 (<10 min) supporting the notion that anion 

exchange may be involved in the catalytic cycle. Analogous reactivity was observed 

with Ni(I) complex (PCy3)2Ni(OPiv) 11, which rapidly formed (PCy3)2NiCl 9. 

Noteworthy is that in both reactions with either 5a or 11, PCy3 ligated Zn(II) salts are 

formed as complexes 13 and 14 (Figure 2.10). Quantification of 31P NMR spectroscopy 

identified 47 % of PCy3 was bound to Zn(II) complexes when 5a was reacted with 

ZnCl2, supporting that ligand sequestering plays a significant role in these reactions 

systems. 
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Figure 2.10. Rapid anion exchange from Ni-OPiv to Ni-Cl species, along with the 

formation of PCy3 ligated zinc complexes.   

Indeed, this deleterious impact of Zn(II) species on catalyst turnover may already 

be frequently encountered16,18-19,22,39,52 in Ni-catalyzed cross-electrophile coupling 

reactions which use stochiometric quantities of Zn to trigger redox processes. Probing 

if these stochiometric experiments correlated to catalytic conditions, we then 

investigated the speciation of the standard catalytic conditions by reacting 3-

benzophenone pivalate with PhZnCl. Quantitative analysis of the reaction mixture by 

MALDI mass spectrometry identified mass fragments for Ni-Zn adduct [PCy3NiZnCl2] 

(472.2 m/z), Ni(0)(PCy3)2 (618.5 m/z), and Zn/PCy3 complexes 13 and 14. More 

quantitative data could be obtained about speciation by quantitative 31P NMR 

spectroscopy. Notably, 50 % of PCy3 was bound to zinc species 13 and 14 with no 

signals of oxidative addition complexes of type (PCy3)2Ni(Ar)X (X = OPiv or Cl) or of 

dinickel complexes observed (Figure S18). Together with the previous stochiometric 

experiments, these findings support the dynamic behavior of phosphine ligands during 

catalysis which shuttle between Ni and Zn complexes. Further aiming to study the 

relevance of Ni(I) species on the reaction outcome, we monitored the catalytic reaction 

by 1H NMR in which we were unable to detect Ni(I) complexes (PCy3)2NiCl (9) and 

(PCy3)2NiOPiv (11). We presume their lack of detection is due to their ability to rapidly 

transmetalate with PhZnCl to prevent buildup during catalysis,52-54 which was 

indirectly supported by the ability of (PCy3)2NiCl (9) to act as a competent precatalyst 

under the standard catalytic conditions.  
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2.3.4 Transmetalation of Well-Defined Ni(II) Complexes 

Classical catalytic cycles proposed for Ni-catalyzed cross-coupling reactions of 

aryl esters support transmetallation between the aryl–Ni(II)(OPiv) oxidative addition 

complex and organometallic reagent prior to reductive elimination. 14-15,24,55 However, 

the experiments outlined in figure 2.10 support anion metathesis with ZnCl2 may 

precede transmetallation. To further investigate this possibility, we monitored the 

reaction between 5a and 0.50 equivalents of PhZnCl·LiCl by 1H NMR spectroscopy, 

forming biaryl product 15 in 37 % yield and (PCy3)2Ni(o-tolyl)(Cl) 4a as the sole 

remaining nickel species. Further addition of PhZnCl·LiCl led to additional biaryl 

product 15, which led us to question of transmetallation occurred from 4a or 5a. 

Therefore, we investigated if transmetallation could occur in the absence of ZnCl2 by 

reacting 5a or 8 with Ph2Zn which cleanly delivered biaryl products 15 or 16. These 

experiments confirm that transmetallation can occur from either Ni-Cl, κ1- or κ2-ester 

intermediates (Figure 2.11). Inspired by a recent report by Bedford42 in the role of 

diphosphine ligated zinc species in iron-catalyzed Negishi cross-coupling reactions, we 

wondered if transmetallation was assisted by the formation of PCy3 ligated PhZnCl. To 

investigate this possibility, PhZnCl was reacted with 1 equivalent of PCy3 to form 

[(PCy3)Zn(Cl)(Ph)]2 (17). Control experiments were then performed by reacting 5a 

with 17 in which the biaryl product 15 also formed rapidly. These results support the 

possibility that [(PCy3)Zn(Cl)(Ph)]2 (17) may offer an organozinc species with 

improved solubility and more electron rich character compared to unligated species.  
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Figure 2.11. Transmetallation and anion metathesis of Ni(II)-pivalate and Ni(II)-

chloride complexes with PhZnCl·LiCl and Ph2Zn. 

Taken together, this data supports Bedford’s42 previous findings that Zn(II) salts 

are not spectators in metal-catalyzed cross-coupling reactions and effect multiple 

catalytic steps. While zinc salts have been shown to be involved in ligand sequestering, 

redox events, and formation of Ni-Zn clusters that may compromise catalytic activity, 

these salts also partake in anion exchange to form stable Ni-Cl species that may precede 

transmetalation.  

2.3.5 Unravelling the Influence of Amide Solvents on Catalytic Activity 

While care must be taken to not overinterpret the data presented above, it was 

apparent that decomposition and deactivation pathways should be significantly 

problematic for catalyst turnover and yet they appeared to make a minor contribution 

to C-C bond formation in catalysis. This begged the question as to how other variables 

may affect the reaction outcome. Investigating the literature on nickel-catalyzed cross-

coupling reactions,20-22 it became apparent that a significant number of transformations 

rely on coordinating amide solvents,16-19 including the coupling of aryl esters.1,56-57 

Anticipating then amide solvents such as DMA play an important role in the reaction 
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outcome, we began to investigate how it impacted the catalytic transformation. While 

C-O cleavage does not occur with ZnCl2 present (Figure 2.8) but transmetallation 

occurs rapidly at room temperature (Figure 2.11), we suspected DMA is able to stabilize 

Ni(0) and Zn(II) species prior to oxidative addition. For these experiments we also 

suspected that oxidative addition was turnover limiting in the reaction. The validity of 

these hypotheses were then investigated by monitoring the standard catalytic conditions 

in the presence and absence of DMA and, replacing DMA with alternative coordinating 

ligands and by comparing the initial rate of the cross-coupling reaction between a set 

of electronically different aryl pivalates.  

 

Figure 2.12. The effect of solvent choice on the reaction outcome and a Hammett plot 

of electronically varied aryl pivalates. 

As shown in Figure 2.12, the cross-coupling reaction was faster with electron 

deficient aryl pivalates and slower with electron rich aryl pivalates. Plotting log(kH/KX) 

to the corresponding Hammett values of the aryl pivalate resulted in a slope of 1.77. 

Together these results support a concerted oxidative addition as the turnover-limiting 

step for the Negishi cross-coupling of non--extended aryl pivalates. Perhaps more 

importantly, upon removing DMA from the reaction solvent minor amounts of cross-

coupled product was observed, likely owing to the formation of Ni-Zn adducts and Ni 

oxidation. This hypothesis was further investigated by performing the stochiometric 

reaction between [Ni(PCy3)2]2N2 and o-tolyl pivalate in the presence of ZnCl2 in a THF-

d8/DMF-d7 solvent mixture. Consistent with amide solvents stabilizing Ni(0) and Zn(II) 

species, we observed (PCy3)2NiCl(o-tolyl) (4a) in 16% yield, along with unreacted Ni(0) 

and trace amounts of ligand-sequestering complexes 13 and 14. These results provide 
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strong support for the use of a DMA/THF mixtures under the standard conditions and 

the importance of DMA for catalyst turnover. Speculating if the role of DMA is to act 

as a ligand to bind Ni(0) and Zn(II), we questioned if the use of toxic amide based 

solvents may not be necessary for catalyst turnover if they could be replaced by an 

appropriate sacrificial ligand. If successful, alternative, more industrially friendly 

solvent systems could be implemented. Among the various possibilities, we speculated 

that pyridine may act as a small, yet strongly coordinating ligand and may display 

similar reactivity to amide solvents in the reaction condition. Furthermore, this would 

provide further mechanistic evidence that the high dielectric constant of DMA does not 

play an important role in the reaction outcome (pyridine = 12.4 versus DMA = 37.8). 

As depicted in Figure 2.12, the addition of stochiometric quantities of pyridine to the 

standard catalytic conditions in only THF recovered catalyst activity and provide 

similar yields to the previous THF/DMA solvent mixture. To investigate if the reaction 

between Ni(0) and Zn(II) constituted a deactivation or decomposition event, we 

attempted to reactivate the activate catalytic species by performing the reaction first in 

THF and then added pyridine after 90 minutes. If the formation of Ni-Zn clusters is 

reversible and regenerate Ni(0), than the addition of pyridine would recapture the active 

Ni(0) complex and restore catalyst activity. However, monitoring the reaction, we did 

not observe any increase in yield suggesting that while an initial Ni-Zn adduct may be 

reversibly formed, the downstream formation of Ni-Zn clusters is irreversible. These 

studies were indirectly supported by stochiometric studies in which in-situ generated 

Ni-Zn clusters were treated with excess PCy3 and COD to attempt to stabilize transient 

Ni(0) species, however, we were unable to observe any Ni(0) species by 31P or 1H NMR 

spectroscopy in the crude reaction mixture (Figure. S7). 

We believe together that these results suggest that the impact of Zn(II) salts and 

coordinating additives or solvents may have been overlooked in nickel-catalyzed 

reactions. Reviewing the literature, this notion gains further support as the inhibitory 

effect of Zn(II) salts on the reductive aryl transfer reactions58 and nickel-catalyzed 

halogenation of enol triflates59 have been noted with the addition of DMAP improving 

the catalytic activity. Additional poisoning experiments found that ZnCl2 was indeed 

deleterious to the Ni-catalyzed C–O silylation of aryl esters. These examples likely do 

not exist in isolation and we speculate that related scenarios likely exist in a wide variety 

of nickel-catalyzed reactions that Zn additives are used, such as reductive coupling 

protocols.18-19,60 We believe these findings highlight that while electrophilic zinc salts 
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appear to undergo undesired reactions with low-valent nickel species such as ligand 

sequestering, redox processes, along with deactivation and decomposition pathways, 

we also provide solutions to circumvent these undesired reactions in order to improve 

catalytic turnover.  
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 2.4 Conclusions 

While nickel catalysts have had immense success in the construction of C-C and 

C-heteroatom bond forming reactions, the mechanism by which these reactions operate 

is often overlooked. This study provides insight into the on-cycle and off-cycle 

speciation in C(sp2)-O cleavage reactions of aryl esters which were previously unknown. 

We demonstrate oxidative addition of non--extended aryl esters to Ni(0) complexes 

ligated by PCy3 ligands forms κ1-O or κ2-O bound (PCy3)nNi(aryl)(OPiv) complexes 

which undergo decomposition to Ni(I) species (PCy3)2Ni(OPiv). We also provide 

evidence that zinc(II) species in the reaction can undergoing halide exchange with on-

cycle Ni-pivalate complexes, undergoing ligand sequestering events, facilitate 

decomposition or deactivation pathways, or triggering productive transmetallation. 

This multifaceted effect of zinc salts shows a significant reliance on solvent choice in 

which Zn(II) salts react with Ni(0) complexes in weakly ligating solvents and the 

reaction between Zn(II) and Ni(0) are disrupted with more coordinating solvents. Given 

the general uptake zinc salts have found in reductive cross-electrophile coupling 

reactions, one may envision these processes follow similar reactivity to those described 

in this study. Taken together, we believe the results reported within this work will 

promote nickel-catalyzed cross-coupling reactions from a preparative and mechanistic 

standpoint.  

Future studies may find the inhibitory effect of entities that act as “Lewis bases” 

are likely a general challenge in reactions that rely on low valent metals and studies to 

highlight these interactions will be invaluable to future reaction development. The 

merits of similar studies have been reported in the literature which have uncovered the 

inhibitory effect of -acidic olefin ligands such as COD on many Ni-catalyzed reactions 

in which avoiding these ligands promotes faster reaction rates. Likewise, future studies 

could be expanded to investigate the reactivity of various Ni(0) species in the presence 

of Zn(II) salts. Alternatively, the reactivity observed with aryl esters could be compared 

and contrasted to other C-O electrophiles.  
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2.6 Experimental Section 

2.6.1 General Considerations 

Solvents. Reactions were carried out under N2 in a glovebox or on a Schlenk line, in 

solvents (THF, Et2O, toluene) that had been dried and degassed using an Innovative 

Technologies solvent purification system, then stored under N2 over 4 Å molecular 

sieves for at least 16 h prior to use. Pentane was degassed by bubbling with N2 and 

stored under N2 over 4 Å molecular sieves for at least 16 h prior to use. C6D6, 

C7D8,DMF-d7, THF-d8, (Eurisotop) were freeze/pump/thaw degassed (4x) and likewise 

stored under N2 over 4 Å molecular sieves for at least 16 h prior to use. 

 

Reagents. [Ni(COD)2] and PCy3 were purchased from Strem Chemicals. 

Trimethoxylbenzene (TMB) was purchased from TCI Chemicals. Potassium pivalate 

(KOPiv), and cobaltocene were purchased from Alfa Aesar. Triphenylphosphine oxide, 

zinc dichloride (ZnCl2), pyridine, Ph2Zn and (PCy3)2NiCl2 were purchased from 

Aldrich. Salts ZnCl2, and KOPiv were dried at 150 oC under high vacuum overnight. 

All other reagents were purchased from commercial sources and used without further 

purification. Pivalates o-tolyl pivalate,2 p-trifluoromethylphenyl pivalate,61 p-

methoxyphenyl pivalate,2 p-tertbutylphenyl pivalate,61 phenyl pivalate,3 p-

methylesterphenyl pivalate,1 p-fluorophenyl pivalate,3 p-benzophenonephenyl 

pivalate,1 were synthesized according to literature procedures.61 Other reagents or 

products biphenyl,62 phenyl o-toluene,62 PhZnCl·LiCl1 were synthesized according to 

literature procedures. Complexes (PCy3)2NiCl(o-tolyl),63 (PCy3)2NiCl(p-tolyl),63 

(PCy3)2NiCl(p-trifluoromethylphenyl),29 were synthesized following modified 

literature procedures using 5 equivalents of aryl chloride. Complexes 

(PCy3)2NiBr(Mesityl),64 (PCy3)2NiCl,54 [(PCy3)ZnCl2]2
65 and (PCy3)2ZnCl2

66 were 

synthesized according to literature procedures. Titration of Grignards,67 organozinc67 

or organolithium68 reagents used were performed according to literature procedures. 

 

Analytical methods. Flash chromatography was performed with Sigma Aldrich 

technical grade silica gel 60 (230-400 mesh). Thin layer chromatography was carried 

out using Merck TLC Silica gel 60 F254. NMR spectra were recorded on Bruker 

Avance Ultrashield 300, 400, or 500 MHz spectrometers, with chemical shifts reported 
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in parts per million (ppm) and coupling constants, J, reported in hertz. Quantitative 

NMR experiments were performed with d1 set to 10s (1H), 1.0s (1H para), 30s (31P) 

respectively. Gas chromatographic analyses were performed on an Agilent 6890N gas 

chromatograph with an FID detector. IR spectra were obtained with a Bruker FT-IR 

Alpha spectrometer. MALDI-TOF mass spectra were collected on a Bruker Autoflex 

MALDI-TOF mass spectrometer. Samples were prepared by the dried-droplet protocol, 

from solutions containing the charge-transfer matrix pyrene or DCTB in THF. 

 

2.6.2 Synthesis and Characterization of Organometallic Complexes 

Synthesis of (PCy3)2Ni(o-Tol)(OPiv) 5a 

 

In the glovebox, (PCy3)2Ni(o-Tol)Cl (235 mg, 0.32 mmol) was added to a 10 mL vial 

with KOPiv (51 mg, 1.3 equiv.). A stir bar was added, then the vial was charged with 8 

mL of THF turning the orange powder to a red/orange solution. After 16 hours the 

solvent was removed and dissolved in minimal toluene to give a gold/red solution. This 

solution was filtered through a pipette plug of celite with green solid being filtered off 

and an orange/red solution collected. The solvent was again removed to give an 

orange/red powder and washed with cold (-36 oC) pentane (1 mL x 3) to give 

(PCy3)2Ni(o-Tol)OPiv 5a (154 mg, 62% yield) as a yellow powder.  

 

1H NMR (400 MHz, C7D8): δ 7.48 (m, 1H, Ar sp2-CH), 6.79 (m, 3H, Ar sp2-CH), 3.52 

(s, 3H, Tol o-CH3), 2.4-0.8 (m, 78H, PCy3 CH). 31P{1H} NMR (162 MHz, C6D6): δ 

37.76 (s), 13.10 (s). 13C{1H} (126 MHz, C7D8) δ 144.6, 126.9(2xCAr), 123.3(2xCAr), 

39.5, 34.5, 33.2, 32.4, 31.7, 30.5, 29.3, 28.1, 27.0, 22.8, 14.3. 

EA Calcd. C, 71.02; H, 10.18; N, 0; Found: C, 72.22; H, 9.71; N, 0.12 

IR 1595 cm-1 (strong), 1565 cm-1 (weak) 
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(PCy3)2Ni(p-Tol)(OPiv) 5b 

 

In the glovebox, (PCy3)2Ni(p-Tol)Cl (103 mg, 0.14 mmol) was added to a 10 mL vial 

with KOPiv (25 mg, 1.5 equiv.) and PCy3 (27 mg, 0.7 equiv.). A stirbar was added, then 

the vial was charged with 3 mL of THF turning the orange powder to a red/orange 

solution. After 7 h, the solvent was removed and dissolved in minimal toluene to give 

a gold/red solution. This solution was filtered through a pipette plug of celite with green 

solid being filtered off and an orange/red solution collected. The solvent was removed 

to give an orange/red powder and washed with cold (-36 oC) pentane (1 mL x 2) to give 

(PCy3)2Ni(pTol)OPiv 5b (24 mg, 21% yield) as a yellow powder.  

 

1H NMR (400 MHz, C6D6): δ 7.72 (d, 3JHH = 7.7 Hz, 2H, Ar sp2-CH), 6.85 (d, 3JHH = 

6.8 Hz, 2H, Ar sp2-CH), 2.19 (s, 3H, Tol p-CH3), 2.1 – 1.0 (m, 83H, PCy3 CH). 31P{1H} 

NMR (162 MHz, C6D6): δ 37.58 (br s), 13.02 (br s). 13C{1H} (126 MHz, C7D8): δ 138.0, 

128.4(2xCAr), 128.35(2xCAr), 39.5, 32.8, 30.6, 28.0, 27.5, 26.9, 20.8. 

EA Calcd. C, 71.02; H, 10.18; N, 0; Found: C, 69.97; H, 9.58; N, 0.12 

Note: Samples were unstable at room temperature preventing long carbon 

measurements 

 

(PCy3)2Ni(pCF3-Ph)(OPiv) 5c  

 

In the glovebox, (PCy3)2Ni(pCF3-Ph)Cl (108 mg, 0.14 mmol) was added to a 10 mL 

vial with KOPiv (26 mg, 1.5 equiv.) and PCy3 (29 mg, 0.8 equiv.). A stirbar was added, 

then the vial was charged with 3 mL of THF turning the orange powder to a red/orange 

solution. After 3 hours, the solvent was removed and dissolved in minimal toluene to 

give a gold/red solution. This solution was filtered through a pipette plug of celite with 

green solid being filtered off and an orange/red solution collected. The solvent was 

again removed to give an orange/red powder and washed with cold (-36 oC)  pentane 

(0.7 mL x 3) to give (PCy3)2Ni(pCF3-Ph)(OPiv) 5c (39 mg, 33% yield) as a yellow 
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powder.   

 

1H NMR (400 MHz, C7D8) δ 7.87 (s, 2H, Ar sp2-CH), 2.04 – 0.98 (m, 88H, PCy3 CH). 

31P NMR (162 MHz, C7D8) δ 32.40 (br s), 11.92 (br s). 19F NMR (376 MHz, C7D8) δ -

61.60 (s). 13C NMR (101 MHz, C7D8) δ 138.3, 121.0, 32.9, 30.5, 28.0, 26.9, 22.8, 20.4, 

14.2. 

Note a: -Ar 13C signals overlap with C7D8 precluding assignment of -CF3 carbon  

Note b: Samples were unstable at room temperature in solution preventing long carbon 

measurements 

 

(PCy3)2Ni(p-Tol)(OPiv) 8 

 

In the glovebox, (PCy3)2Ni(Mesityl)Br (146 mg, 0.18 mmol) was added to a 10 mL vial 

with KOPiv (69 mg, 3.1 equiv.). A stirbar was added, then the vial was charged with 

7.5 mL of toluene forming a red solution. After 4 hours, the solution was filtered 

through a pipette plug of celite and the solvent was removed to provide a red solid. This 

solid was then washed onto a frit with cold pentane (-36 oC) and washed (0.3 ml x 2, -

36 oC) to give (PCy3)Ni(Mesityl)OPiv 8 (50 mg, 50% yield) as a red powder. 

 

1H NMR (500 MHz, C6D6): δ 6.57 (s, 2H, Ar sp2-CH), 3.53 (s, 6H, Mes o-CH3), 2.26 

(s, 3H, Mes p-CH3), 2.12 (d, 3JHH = 12.6 Hz, 6H, PCy3 CH2) 1.9 – 1.3 (m, 18H, PCy3 

CH2) 1.20 (s, 9H, OPiv CH3), 1.16 – 0.95 (m, 9H, PCy3 CH2) . 
31P{1H} NMR (202 

MHz, C6D6): δ 34.59 (s). 13C{1H} (126 MHz, C6D6) δ 143.5, 132.7 (2xCAr), 125.8 

(2xCAr), 33.5, 33.4, 29.8, 27.9, 27.9, 27.0, 26.6, 26.2, 22.7, 20.6, 14.3. 

EA Calcd. C, 68.70; H, 8.55; N, 0; Found: C, 68.30; H, 9.13; N, 0.12 

IR 1615  cm-1 (medium) 
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[(PCy3)2NiI
2(μ-Cl)(μ-OPiv)] 10 

 

 

In the glovebox, (PCy3)2Ni(Cl) (129 mg, 0.20 mmol) was added to a 10 mL vial with 

KOPiv (133 mg, 5 equiv.). A stirbar was added, and then the vial was charged with 3 

mL of toluene forming a yellow solution. After 1 hours, the green solution with a blue 

suspension was filtered through a pipette plug of celite and the solvent was removed to 

provide a green solid. This solid was then washed with cold pentane (0.5 ml x 2, -36 

oC) to give [(PCy3)2NiI2(μ-Cl)(μ-OPiv)] 10 (46 mg, 58% yield) as a green powder.   

 

1H NMR (500 MHz, C7D8): δ 50.03 (br s, 4H), 6.0 - 0 (m, 87H), 

Due to the paramagnetic nature of 10, and accompanied line broadening, 31P and 13C 

NMR are not reported  

EA Calcd. C, 60.44; H, 9.28; N, 0; Found: C, 62.32; H, 10.11; N, 0.21 

IR 1615 cm-1 (weak) 

 

(PCy3)2NiI(OPiv) 11 

 

 

 

In the glovebox, (PCy3)2Ni(Cl) (110 mg, 0.17 mmol) was added to a 10 mL vial with 

KOPiv (105 mg, 5 equiv.). A stirbar was added, then the vial was charged with 4 mL of 

toluene forming a yellow solution. After 3 hours, the green solution with a blue 

suspension was filtered through a pipette plug of celite and the solvent was removed to 

provide a green solid. This solid was then washed with cold pentane (0.5 ml x 2, -36 

oC) to give (PCy3)2NiI(OPiv) 11 (41 mg, 37 % yield) as a green powder. 

 

1H NMR (500 MHz, C6D6): δ 27.16 (br s, 4H), 6.3 - 0 (m, 84H) 

UNIVERSITAT ROVIRA I VIRGILI 
UNDERSTANDING NICKEL CATALYSIS AT THE MOLECULAR LEVEL: INSIGHTS INTO C-O FUNCTIONALIZATION AND 
ELECTRON TRANSFER EVENTS 
Craig Day



 

 
 81 

 

Due to the paramagnetic nature of 10, and accompanied line broadening, 31P and 13C 

NMR are not reported 

EA Calcd. C, 68.33; H, 10.49; N, 0; Found: C, 62.09; H, 9.46; N, 0.13 

IR 1615 cm-1 (weak), 1526 cm-1 (strong) 

 

[(PCy3)Zn(Cl)(Ph)]2 17  

 

In the glovebox, ZnCl2 (35 mg, 0.26 mmol) and Ph2Zn (56 mg, 1 equiv.) was added to 

a 10 mL. A stirbar was added, then the vial was charged with 2 mL of THF forming a 

clear solution. PCy3 (143 mg, 2 equiv.) was dissolved in 1 mL of THF and added 

dropwise where a white precipitate began to form. After 30 minutes, the solvent was 

removed and filtered to give a white solid. The solid was then washed with cold Et2O 

(0.3 mL x 2, -36 oC) and pentane (0.5 mL x 3, -36 oC) to give [(PCy3)ZnCl2]2 17 (76 

mg, 32 %) as a white powder. 

 

1H NMR (400 MHz, THF-d8) δ 7.60 – 7.48 (m, 2H), 7.15 – 6.94 (m, 3H), 1.91 (d, J = 

8.0 Hz, 9H), 1.68 – 1.56 (m, 2H), 1.54 – 1.07 (m, 16H). 31P{1H} NMR (162 MHz, THF-

d8): δ 8.54 (s). 13C NMR (101 MHz, THF-d8) δ 139.4, 127.4, 126.2, 32.4, 31.3, 31.2, 

28.5, 28.4, 27.3. 

NMR data of [(PCy3)ZnCl2]2 13 & (PCy3)2ZnCl2 14 are given below for 

convenience. 

[(PCy3)ZnCl2]2 13. 1H NMR (400 MHz, THF-d8) δ 2.28 – 1.94 (m, 20H), 1.81 (dt, J = 

6.2, 3.1 Hz, 11H), 1.66 – 1.47 (m, 12H), 1.32 (dd, J = 12.2, 9.4 Hz, 21H). 31P NMR 

(162 MHz, THF-d8) δ 64.05, 5.84. 13C NMR (101 MHz, THF-d8) δ 31.9, 31.8, 30.5, 

28.4, 28.3, 15.8. 

(PCy3)2ZnCl2 14. 1H NMR (400 MHz, THF-d8) δ 1.95 (s, 19H), 1.70 (dd, J = 13.6, 6.0 

Hz, 9H), 1.37 (dd, J = 72.0, 11.0 Hz, 37H). 31P NMR (162 MHz, THF-d8) δ 65.86, 8.80. 

13C NMR (101 MHz, THF-d8) δ 32.3, 31.2, 28.5, 28.4, 27.3. 

Tabulated IR Stretches of carboxylate stretches (C=O) 

5a 1595 cm-1 (strong), 1565 cm-1 (weak) 

8 1616  cm-1 (medium)  

10 1615 cm-1 (weak)  

11 1615 cm-1 (weak) 

Cy3P
Zn

Ph Cl
2
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See Figure S27. for stacked IR spectra 

2.6.3 Stochiometric Reactions with Well-Defined Organometallic 

Species. 

Monitoring Oxidative Addition of [Ni(PCy3)2]N2 to o-Tolyl Pivalate 

by 1H NMR  

In the glovebox, a solution of o-tolyl pivalate (5.4 mg, 0.03 mmol) and 

trimethoxybenzene (TMB) was dissolved in 1 mL C6D6 in a 3 mL vial. The solution 

was then added to a J. Young NMR tube, and the initial integration ratio of o-tolyl 

pivalate and TMB was measured. The solution was brought back into the glovebox and 

added to a stirred solution of [(PCy3)2Ni]2N2 (18 mg, 0.02 mmol) in 0.5 mL C6D6 and 

monitored by quantitative 1H NMR.  

 

Figure S1. 1H spectra (C6D6, 400 MHz) of the oxidative addition of Ni(0) to o-tolyl 

pivalates generating 6a  
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Monitoring Oxidative Addition of [Ni(PCy3)2]N2 to o-Tolyl Pivalate 

by 31P NMR  

In the glovebox, a solution of o-tolyl pivalate (8.3 mg, 0.04 mmol) in 0.5 mL C6D6 was 

added dropwise to a stirred solution of [(PCy3)2Ni]2N2 (27 mg, 0.02 mmol) in 0.5 mL 

C6D6. The reaction was then transferred to a J. Young NMR tube and monitored by 1H 

and 31P NMR spectroscopy. 

 

Figure S2. 31P spectra (C6D6, 400 MHz) of the oxidative addition of Ni(0) to o-tolyl 

pivalate generating 5a (blue) and 6a (orange). PCy3: δ = 13.1 ppm  
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Monitoring Comproportionation Between Ni(II) (Mesityl)(Pivalate) 

and [Ni(PCy3)2]2N2 by 1H NMR with Internal Standard TMB 

In the glovebox, (PCy3)Ni(OPiv)(Mesityl) 8 (10.2 mg, 0.018 mmol) and 

trimethoxybenzene (TMB) (1.2 mg) were dissolved in 1 mL C6D6 in a 3 mL vial. This 

solution was then added to a J. Young NMR tube, and the initial integration ratio of 8 

and TMB was measured. This solution was then added to [(PCy3)2Ni]2N2 (11.5 mg, 

0.09 mmol) and monitored by 1H NMR spectroscopy. 

 
Figure S3. 1H spectra (C6D6, 400 MHz) and corresponding graph of the 

comproportionation reaction between 8 (blue) and Ni(0) to 6d (orange) (internal 

standard = TMB (green)). 
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Lack of Oxidative Addition of [Ni(PCy3)2]N2 to o-Tolyl Pivalate with 

ZnCl2 

In the glovebox, o-tolyl pivalate (7.7 mg, 0.04 mmol), trimethoxybenzene (TMB) (2.7 

mg) and ZnCl2 (4.7 mg, 0.034 mmol) were dissolved in 1 mL THF-d8 in a 3 mL vial. 

The solution was then added to a J. Young NMR tube, and the initial integration ratio 

of o-tolyl pivalate and TMB was measured. This solution was then added dropwise to 

a stirred solution of [(PCy3)2Ni]2N2 (13.0 mg, 0.01 mmol) in 0.5 mL THF-d8. The 

solution was then added back to the J. Young NMR tube and monitored by 1H NMR 

analysis. 

 

Figure S4. 1H spectra (THF-d8, 400 MHz) of ZnCl2 preventing oxidative addition 

between o-tolyl pivalate (red) and Ni(0) (internal standard = TMB (green)).  
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Lack of Oxidative Addition of (PCy3)2NiCl to o-Tolyl Pivalate  

In the glovebox, (PCy3)2NiCl (14.4 mg, 0.02 mmol), trimethoxybenzene (TMB) (1.6 

mg) and were dissolved in 1 mL C6D6 in a 3 mL vial. The solution was then added to a 

J. Young NMR tube, and the initial integration ratio of (PCy3)2NiCl and TMB was 

measured. This solution was then added dropwise to a stirred solution of o-tolyl pivalate 

(6.4 mg, 0.03 mmol) in 0.5 mL C6D6. The solution was then added back to the J. Young 

NMR tube and monitored by 1H NMR analysis. After 24 h, the solution was heated at 

50 oC for 20 h where no conversion of o-tolyl pivalate was observed. 

 

Figure S5. 1H spectra (C6D6, 400 MHz) of (PCy3)2NiCl (yellow) unable to undergo 

oxidative addition with o-tolyl pivalate (red) (internal standard = TMB (green)).   
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Reaction of [Ni(PCy3)2]N2 and ZnCl2 Monitored by 31P NMR  

In the glvebox, [(PCy3)2Ni]2N2 (18.0 mg, 0.01 mmol) was dissolved in 1 mL THF-d8 in 

a 3 mL vial. The solution was then added to a J. Young NMR tube with a sealed capillary 

of PPh3O, and the initial integration ratio of [(PCy3)2Ni]2N2 and PPh3O was measured. 

This solution was then brought back into the glovebox and added to a 4 mL vial with 

ZnCl2 (3.9 mg, 0.03 mmol). A colour change from red to brown was observed within 2 

minutes. The solution was then added back to the J. Young NMR tube and analyzed by 

31P NMR spectroscopy within 10 minutes. 

 

 

 

Figure S6. 31P spectra (THF-d8, 162 MHz) of ZnCl2 reacting directly with Ni(0) (blue) 

forming (PCy3)nZnCl2 (yellow) (standard = PPh3O (green)).  
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Probing Reversibility of NiZn Cluster Formation 

In the glovebox, [(PCy3)2Ni]2N2 (17.3 mg, 0.01 mmol) was dissolved in 1 mL THF-d8 

in a 3 mL vial with a stir bar. To the stirred solution, a solution of ZnCl2 (3.9 mg, 0.029 

mmol) in 1 mL THF-d8 was added and then 20 minutes later PCy3 (19.8 mg, 0.071 

mmol) and cyclooctadiene (6.2 mg, 0.057 mmol) were added. The solution was then 

transferred to a J. Young NMR tube and measured by 1H and 31P NMR analysis. The 

solution was then heated at 80 oC for 1 h and measured by 1H and 31P NMR analysis 

again. No signals corresponding to Ni(0) species Ni(COD)2 or [(PCy3)2Ni]2N2 were 

visible by 1H NMR or 31P NMR.  

Control experiments: (1) In the glovebox, [(PCy3)2Ni]2N2 (12.4 mg, 0.01 mmol) was 

dissolved in 1 mL THF-d8 in a 3 mL vial with a stir bar and to the stirred solution 

cyclooctadiene (4.3 mg, 0.04 mmol) was added. The solution gradually turned yellow 

and was then transferred to a J. Young NMR tube and measured by 31P and 1H NMR 

analysis. No signals corresponding to [(PCy3)2Ni]2N2 were visible by 31P NMR, but 

instead signals of Ni(COD)2 formed.   

(2) In the glovebox, [(PCy3)2Ni]2N2 (14.0 mg, 0.01 mmol) was dissolved in 1 mL THF-

d8 in a 3 mL vial with a stirbar. To the stirred solution, a solution of [(PCy3)ZnCl]2 (9.5 

mg, 0.02 mmol/Zn) and PCy3 (6.2 mg, 0.02 mmol) in 1 mL THF-d8 were added. The 

solution was then transferred to a J. Young NMR tube and measured by 1H and 31P 

NMR analysis. Signals corresponding to Ni(0) [(PCy3)2Ni]2N2 were visible by 31P NMR.  
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Figure S7. 1H spectra (THF-d8, 400 MHz) of ZnCl2 reacting with Ni(0) and added 

ligand not regenerating Ni(0) species.   
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Reaction of [Ni(PCy3)2]N2 and ZnCl2 by 1H Paramagnetic NMR  

In the glovebox, [(PCy3)2Ni]2N2 (11.6 mg, 0.01 mmol) was dissolved in 0.8 mL THF-

d8 in a 3 mL vial and added to ZnCl2 (3.0 mg, 0.02 mmol). The solution was then added 

to a J. Young NMR tube with a sealed capillary of cobaltocene in C7D8, and analyzed 

by 1H paramagnetic NMR within 10 minutes. The capillary of cobaltocene was 

previously calibrated against a pure sample of 9 in 0.8 mL THF-d8. 

 

 

 

Figure S8. 1H paramagnetic spectra (THF-d8, 400 MHz) of ZnCl2 reacting directly with 

Ni(0) (standard = cobaltocene capillary (green)).  
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Monitoring the Reaction of (Cy3P)2Ni(I)OPiv and ZnCl2 by 

Paramagnetic 1H NMR 

In the glovebox, (PCy3)2Ni(OPiv) 11 (7.5 mg, 0.01 mmol), was dissolved in 0.8 mL 

THF-d8 in a 3 mL vial. The solution was then added to a J. Young NMR tube with a 

sealed capillary of cobaltocene in C7D8, and the initial integration ratio of 11 and 

cobaltocene was measured. This solution was then brought back into the glovebox and 

added to a 4 mL vial with ZnCl2 (3.1 mg, 0.02 mmol). A color change from green to 

yellow was observed within seconds. The solution was then added back to the J. Young 

NMR tube and analyzed by 1H paramagnetic NMR within 10 minutes. 

 

 

 

Figure S9. 1H paramagnetic spectra (THF-d8, 400 MHz) of ZnCl2 reacting with 11 

(standard = cobaltocene capillary (green)).   
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Monitoring the Reaction of (o-tolyl)Ni(PCy3)2OPiv and ZnCl2 by 1H 

& 31P NMR with Internal Standard PPh3O and TMB 

In the glovebox, (PCy3)2Ni(OPiv)(oTol) 5a (9.0 mg, 0.01 mmol), and 

trimethoxybenzene (TMB) (0.7 mg) were dissolved in 1 mL THF-d8 in a 3 mL vial. The 

solution was then added to a J. Young NMR tube with a sealed capillary of PPh3O in 

C7D8, and the initial integration ratio of 5a to TMB and PPh3O was measured. This 

solution was then brought back into the glovebox and added to a 4 mL vial with ZnCl2 

(3.0 mg, 0.02 mmol). A colour change from orange to yellow was observed within 

seconds. The solution was then added back to the J. Young NMR tube and analyzed by 

quantitative 1H and 31P NMR. 

 

 

Figure S10. 1H spectra (THF-d8, 400 MHz) of ZnCl2 reacting with 5a (blue) (internal 

standard = TMB (green)).  

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0

f1	(ppm)

3
.0

0

0
.7

3

3
.0

7

3
.1

8

3
.5

8
	T

H
F

-d
8

6
.0

4

6
.5

6

1
.7

7

0
.7

3

3
.2

5

3
.5

8
	T

H
F

-d
8

6
.0

4

TMB
(IS)

5a

4a

NiII

PCy3

Cl

PCy3

NiII

PCy3

O

PCy3

tBu

O

Seconds
100 % conversion

ZnCl2 (2 equiv.) 
THF-d8, RT 
TMB (IS) 

PPh3O (IS)

t0 = 5a
+ TMB + PPh3O

t1 = + ZnCl2

5a 4a (59 %)

1H NMR
(400 MHz, THF-d8):

UNIVERSITAT ROVIRA I VIRGILI 
UNDERSTANDING NICKEL CATALYSIS AT THE MOLECULAR LEVEL: INSIGHTS INTO C-O FUNCTIONALIZATION AND 
ELECTRON TRANSFER EVENTS 
Craig Day



 

 
 93 

 

 

 

Figure S11. 31P spectra (THF-d8, 162 MHz) of ZnCl2 reacting with 5a (blue) (standard 

= PPh3O (green)).  
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Monitoring the Reaction of (o-tolyl)Ni(PCy3)2OPiv and PhZnCl·LiCl 

analyzed by 1H and 31P NMR 

In the glovebox, (PCy3)2Ni(OPiv)(oTol) 5a (15.7 mg, 0.019 mmol) and 

trimethoxybenzene (TMB) (2.3 mg) were dissolved in 1 mL C6D6. The solution was 

then added to a J. Young NMR tube, and the initial integration ratio of 5a and TMB was 

measured. To this solution, a titrated solution of PhZnCl·LiCl in THF (10 μL, 0.99 M, 

0.5 equiv) was added and the resulting solution analyzed by 1H and 31P NMR showing 

complete conversion of 5a, formation of 4a and cross-coupled products. To this solution 

a further addition of PhZnCl·LiCl (10 μL, 0.99 M, 0.5 equiv) was performed and was 

measured by 1H and 31P NMR. 

 

Figure S12. 1H NMR spectra of the reaction between 5a (blue) and PhZnCl·LiCl at 0.5 

equivalents and 1 equivalents of PhZnCl·LiCl with reference spectra of 4a (yellow) and 

coupled organic phenyl-o-toluene 15. 
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Figure S13. 31H NMR spectra of the reaction between 5a (blue) and PhZnCl·LiCl at 

0.5 equivalents and 1 equivalents of PhZnCl·LiCl with reference spectrum of 4a 

(yellow). 
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Monitoring the Reaction of (o-tolyl)Ni(PCy3)2OPiv and Ph2Zn by 1H 

NMR 

In the glovebox, (PCy3)2Ni(OPiv)(oTol) 5a (13.4 mg, 0.02 mmol) and 

trimethoxybenzene (TMB) (1.6 mg) were dissolved in 1 mL THF-d8. The solution was 

then added to a J. Young NMR tube, and the initial integration ratio of 5a and TMB was 

measured. Ph2Zn (4.0 mg, 0.02 mmol) in 0.5 mL THF-d8  was then added dropwise to 

a stirred solution of 5a where the solution turned from orange to brown. The resulting 

solution was then added back to the J. Young NMR tube and analyzed by 1H NMR 

within 10 minutes. 

 

 

Figure S14. 1H NMR spectra of the reaction between 5a (blue) and Ph2Zn with internal 

standard TMB and reference spectrum of phenyl o-toluene (yellow). Residual toluene 

solvent is denoted: (*).  
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Monitoring the Reaction of (mesityl)Ni(PCy3)k2–OPiv and Ph2Zn by 
1H NMR  

In the glovebox, (PCy3)2Ni(OPiv)(Mesityl) 8 (12.8 mg, 0.02 mmol) and 

trimethoxybenzene (TMB) (1.6 mg) were dissolved in 1 mL THF-d8. The solution was 

then added to a J. Young NMR tube, and the initial integration ratio of 8 and TMB was 

measured. Ph2Zn (5.7 mg, 0.02 mmol) in 0.5 mL THF-d8  was then added dropwise to 

a stirred solution of 8 where the solution turned from orange to dark red. The resulting 

solution was then added back to the J. Young NMR tube and analyzed by 1H NMR 

within 10 minutes. 

 

 

Figure S15. 1H NMR spectra of the reaction between 8 (blue) and Ph2Zn (internal 

standard = TMB (green)).  
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Monitoring the Reaction of (o-tolyl)Ni(PCy3)2OPiv and PCy3-PhZnCl 

by 1H NMR with Internal Standard TMB 

In the glovebox, (PCy3)2Ni(OPiv)(oTol) 5a (10.0 mg, 0.01 mmol) and 

trimethoxybenzene (TMB) (1.0 mg) were dissolved in 1 mL THF-d8. The solution was 

then added to a J. Young NMR tube, and the initial integration ratio of 5a and TMB was 

measured. [(PCy3)ZnClPh]2 (5.7 mg, 0.01 mmol) in 0.5 mL THF-d8  was then added 

dropwise to a stirred solution of 5a where the solution turned from orange to brown. 

The resulting solution was then added back to the J. Young NMR tube and analyzed by 

1H NMR within 10 minutes. 

 

 

Figure S16. 1H NMR spectra of the reaction between 5a (blue) and [(PCy3)ZnClPh]2  

( internal standard = TMB (green)).  
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2.6.4 Ni-Catalyzed Cross-Coupling Reactions of Aryl Pivalates with 

Organozinc Derivatives: Kinetic and Spectroscopic Analysis 

Representative Procedure for Cross-Coupling of Aryl Pivalates with PhZnCl for 

Hammett Analysis. In the glovebox, ZnCl2 (86 mg, 0.63 mmol) is added to a 10 mL 

Schlenk flask in 0.5 mL THF with a stirbar. To this solution, PhLi (0.3 mL, 1.9 M) is 

added dropwise then the solution left to stir for 30 minutes. Separately, Ni(COD)2 (5.1 

mg, 0.02 mmol) and PCy3 (11.3 mg, 0.04 mmol) are added to a 4 mL vial with a stirbar 

in 0.5 mL THF and let to stir for 30 minutes. To the solution of PhZnCl, are added the 

aryl pivalate (0.19 mmol) and dodecane (45 μL, internal standard for GC analysis) with 

1 mL DMA. An aliquot was removed for GC-FID analysis to establish the starting ratio 

of aryl pivalate to dodecane. This solution is then preheated to 90 oC and charged with 

the premixed PCy3-Ni(COD)2 solution. Aliquots were removed periodically, quenched 

with potassium trispyrazolylborate (KTp) in THF (10 mg/mL), and analyzed by GC-

FID. 

Procedure for Cross-Coupling of Aryl Pivalates with PhZnCl using DMA:THF 2:1 

for GC and MALDI-MS analysis. In the glovebox, ZnCl2 (175 mg, 1.28 mmol) is 

added to a 10 mL Schlenk flask in 1 mL THF with a stirbar. To this solution, PhLi (0.6 

mL, 1.9 M) is added dropwise then the solution left to stir for 30 minutes. To this 

solution, 3-benzophenone pivalate (108 mg, 0.38 mmol) and dodecane (90 μL, internal 

standard for GC analysis) are added with 2 mL DMA. An aliquot was removed for GC-

FID analysis to establish the starting ratio of aryl pivalate to dodecane. This solution is 

then preheated to 85 oC and charged with (PCy3)2NiCl2 (26 mg, 0.04 mmol). Aliquots 

were removed periodically, quenched with KTp in THF (10 mg/mL), and analyzed by 

GC-FID. Separately, aliquots were mixed with DCTB (10 mg/mL) and pyrene (10 

mg/mL) in 1:10 v/v ratios of matrix/analyte and spotted onto a MALDI target and 

analyzed by MALDI-MS.  

Procedure for Cross-Coupling of Aryl Pivalates with PhZnCl in THF adding 

pyridine after 90 minutes. The representative procedure is the same as above except 

THF is added in place of DMA and pyridine (0.2 mL, 2.5 mmol) was added after 90 

minutes. The system was sealed when aliquots were not being taken to prevent solvent 

loss.  

Procedure for Cross-Coupling of Aryl Pivalates with PhZnCl in THF/ with 

pyridine from onset The representative procedure is the same as above except pyridine 

(0.2 mL, 2.5 mmol) was added to the PhZnCl after it was stirred for 30 minutes and 1.8 
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mL THF was added during the addition with dodecane.   

Procedure for Cross-Coupling of Aryl Pivalates with PhZnCl using DMA:THF 2:1 

for 31P and 1H Paramagnetic Analysis In the glovebox, ZnCl2 (173.4 mg, 1.28 mmol) 

is added to a 10 mL Schlenk flask in 1 mL THF with a stirbar. To this solution, PhLi 

(0.6 mL, 1.9 M) is added dropwise then the solution left to stir for 30 min. 3-

benzophenone (108.9 mg, 0.38 mmol) and PPh3O (2 mg, reference for 31P NMR) was 

added with 2 mL DMA. (PCy3)2NiCl2 (24.2 mg, 0.04 mmol) is added then the solution 

is transferred to a J. Young NMR tube. The J. Young NMR tube was then heated at 85 

oC and periodically analyzed by 31P and 1H paramagnetic NMR. 

 

Figure S17. Changing the solvent system with circled timepoints being measured by 
1H paramagnetic and 31P NMR spectra shown below.  
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Figure S18. 1H paramagnetic (top) lacking signals of 9 and 11 and 31P NMR spectra 

(bottom) of (PCy3)nZnCl2 at 30 min and 2 hours (solvent: THF/DMA 1:2).  
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Suggested Speciation During Catalysis in DMA:THF 2:1 by 31P-NMR 

Analysis  

To assign the catalytic resting states, different 31P spectra were recorded in the solvent 

system of DMA:THF 2:1 with PPh3O as an internal standard without lock or shim.  

(a) PCy3ZnCl2 (14.0 mg, 0.02 mmol) in DMA:THF (1 mL, 2:1 ratio) 

(b) [(PCy3)2Ni]2N2 (11.6 mg, 0.01 mmol) in DMA:THF (1 mL, 2:1 ratio) 

- Without ZnCl2 present, small signals around 41.40 ppm present 

(c) [(PCy3)2Ni]2N2 (10.6 mg, 0.01 mmol) added to solution of (a) 

- As phosphine is scavenged, signal of 41.74 ppm becomes more 

apparent  

(d) ZnCl2 (11.4 mg, 0.08 mmol) added to solution of (c) 

- Shift of (PCy3)nZnCl2 signal as additional ZnCl2 is added is consistent 

with upfield, and broad chemical shift of  (PCy3)nZnX2 during catalysis 

Additional experiments were conducted with UV-VIS to match the resting state species 

were inconclusive, which we attributed to a change in speciation at the low 

concentrations of UV-VIS measurements.  

 

Figure S19. 31P NMR spectra (bottom) of (PCy3)nZnCl2 at 30 min and different 

mixtures to identify the resting state species (solvent: THF/DMA 1:2) with reference 

PPh3O (green). 
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Oxidative Addition of [(PCy3)2Ni]2N2 to o-Tolyl Pivalate with ZnCl2 

in DMF-d7/THF-d8 

In the glovebox, o-tolyl pivalate (8.1 mg, 0.04 mmol), trimethoxybenzene (TMB) (3.0 

mg) and ZnCl2 (4.7 mg, 0.034 mmol) were dissolved in 1 mL DMF-d7 in a 3 mL vial. 

The solution was then added to a J. Young NMR tube, and the initial integration ratio 

of o-tolyl pivalate and TMB was measured. This solution was then added to a 

suspension of [(PCy3)2Ni]2N2 (13.1 mg, 0.01 mmol) in 0.5 mL DMF-d7. The suspension 

was added back to the J. Young NMR tube and analyzed by 1H and 31P NMR, which 

identified no 31P NMR signals due to insolubility of [(PCy3)2Ni]2N2. The sample was 

brought back into the glovebox and 1 mL THF-d8 was added which aided solubilizing 

[(PCy3)2Ni]2N2 and was then monitored by 31P and 1H NMR analysis. 

 

Figure S20. 31P NMR spectra (DMF-d7/THF-d8, 162 MHz) of oxidative addition with 

[(PCy3)2Ni]2N2 to o-tolyl pivalate in the presence of ZnCl2 forming (PCy3)2Ni(Cl)(o-

tolyl). Right box indicating insolubility of [(PCy3)2Ni]2N2, which is solubilized by 

adding THF-d8. (PCy3)2Ni(Cl)(o-tolyl) (yellow) and suspected Ni(0) (grey).  
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Figure S21. 1P NMR spectra of [(PCy3)2Ni]2N2 + o-tolyl pivalate + ZnCl2 in DMF-

d7/THF-d8. (PCy3)2Ni(Cl)(o-tolyl) (yellow) and internal standard TMB (green). 
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Cross-Coupling Reactions With Precatalyst (PCy3)2NiCl & ZnCl2 

Poisoning Experiments 

 

Procedure for Cross-Coupling of Aryl Pivalates with PhZnCl for using 

(PCy3)2NiCl. In the glovebox, ZnCl2 (175 mg, 1.28 mmol) is added to a 10 mL Schlenk 

flask in 1 mL THF with a stirbar. To this solution, PhLi (0.6 mL, 1.9 M) is added 

dropwise then the solution left to stir for 30 minutes. To this solution, 3-benzophenone 

pivalate (111 mg, 0.38 mmol) and dodecane (90 μL, internal standard for GC analysis) 

are added with 2 mL DMA. An aliquot was removed for GC-FID analysis to establish 

the starting ratio of aryl pivalate to dodecane. This solution is then preheated to 85 oC 

and charged with (PCy3)2NiCl (26 mg, 0.04 mmol). An aliquot was removed after 2 h 

and quenched with KTp in THF (10 mg/mL), and analyzed by GC-FID (100 % 

conversion, 65 % yield). 

 

Procedure for Silylation of Aryl Pivalates with Et3SiBPin without ZnCl2. In the 

glovebox, CsF (38 mg, 0.25 mmol), CuF2 (7.6 mg, 0.075 mmol), 2-naphthyl pivalate 

(57 mg, 0.25 mmol) and dodecane (50 μL, internal standard for GC analysis) were 

added to a 10 mL Schlenk flask in 1 mL toluene with a stirbar. To this solution, PCy3 

(14.0 mg, 0.05 mmol), Ni(COD) (6.9 mg, 0.025 mmol), and Et3SiBpin (73 mg, 0.03 

mmol) were added with 2 mL more toluene and an aliquot was removed for GC-FID 

analysis to establish the starting ratio of aryl pivalate to dodecane. This solution is then 

warmed in a preheated oil bath at 50 oC and let stir for 16 h. An aliquot was removed 

and quenched with KTp in THF (10 mg/mL), and analyzed by GC-FID (100 % 

conversion, 89 % yield). 

 

Procedure for Silylation of Aryl Pivalates with Et3SiBPin without ZnCl2. The 

representative procedure is the same as above except ZnCl2 (34 mg, mmol) is added 

after Et3SiBPin (3 % conversion, 0 % yield).  
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Figure S22. MALDI-TOF MS spectra of (PCy3)NiZnCl2 from the reaction mixture at 

1 hour with the simulated isotope pattern overlaid below.  

  

m/z 472.03

t = 60 minutes

Simulated

NiCy3P Zn
Cl

Cl

+

OPiv

PhZnCl•LiCl (3 equiv.) 
ZnCl2 (0.4 equiv.) 

NiCl2(PCy3)2 (10 mol %)

Solvent, 85 °C

Ph

Ar Ar

UNIVERSITAT ROVIRA I VIRGILI 
UNDERSTANDING NICKEL CATALYSIS AT THE MOLECULAR LEVEL: INSIGHTS INTO C-O FUNCTIONALIZATION AND 
ELECTRON TRANSFER EVENTS 
Craig Day



 

 
 107 

 

 
 

Figure S23. MALDI-TOF MS spectra of (PCy3)2Ni from the reaction mixture at 5 

minutes with the simulated isotope pattern overlaid below.  
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Figure S24. Kinetics data used for the Hammett Plot. R2 determined from linear 

regression model in Excel 
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2.6.5 Characterization 

EPR and IR Spectra  

 

Figure S25. EPR spectrum of [(PCy3)Ni]2(-Cl)(-OPiv) 10, Ni(a) gx = 2.09131, gy = 

2.15579, gz = 2.39462, Ni(b) gx = 2.96782, gy = 2.12308, gz = 2.43851.  

 

 
Figure S26. EPR spectrum of (PCy3)2Ni(2-OPiv) 11 without modeling. 

UNIVERSITAT ROVIRA I VIRGILI 
UNDERSTANDING NICKEL CATALYSIS AT THE MOLECULAR LEVEL: INSIGHTS INTO C-O FUNCTIONALIZATION AND 
ELECTRON TRANSFER EVENTS 
Craig Day



 

 
 110 

 

 

Figure S27. Stacked IR spectra of complexes 5a, 8, 10, and 11.  
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NMR Spectra of Synthesized Complexes  

 

 

 

Figure S28. NMR spectra (C7D7, 400 MHz) of (PCy3)2Ni(o-Tol)(OPiv) 5a.  
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Figure S29. Variable temperature 31P NMR spectra (C7D8, 162 MHz) of (PCy3)2Ni(o-

Tol)(OPiv) 5a. 

 

 

Figure S30. 31P NMR spectra (C7D8, 162 MHz) of (PCy3)2Ni(o-Tol)(OPiv) 5a after 

adding CuCl, thus illustrating -O speciation in solution.  
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Figure S31. DOSY 1H NMR spectra (C7D8, 400 MHz) of (PCy3)2Ni(o-Tol)(OPiv) 5a 

and (PCy3)2Ni(Cl)(o-Tol) 4a illustrating monomeric speciation in solution  
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Figure S32. NMR spectra (C6D6, 400 MHz) of (PCy3)2Ni(o-Tol)(OPiv) 5a. 
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Figure S33. NMR spectra (C7D8, 400 MHz) of (PCy3)2Ni(pCF3-Ph)(OPiv) 5c.  
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Figure S34. NMR spectra (C6D6, 500 MHz) of (PCy3)2Ni(Mesityl)(OPiv) 8.  
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Figure S35. NMR spectra (THF-d8, 400 MHz) of [(PCy3)ZnCl2]2 13.  
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Figure S36. NMR spectra (THF-d8, 400 MHz) of (PCy3)2ZnCl2 14.  
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Figure S37. NMR spectra (THF-d8, 400 MHz) of [(PCy3)Zn(Cl)(Ph)]2 17.  
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Figure S38. 1H NMR spectrum (C6D6, 400 MHz) of (PCy3)2Ni(OPiv) 11. 

 

 

Figure S39. 1H NMR spectrum (C7D8, 400 MHz) of [(PCy3)Ni]2(-Cl)(-OPiv) 10.  
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Crystallographic Data 

 
Figure S40. ORTEP Diagram (PCy3)2Ni(o-Tol)(OPiv) 5a CCSD deposition number 

2017448 

 

Figure S41. ORTEP Diagram of (PCy3)2Ni(p-Tol)(OPiv) 5b. CCSD deposition number 

2017449 
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Figure S42. ORTEP Diagram of (PCy3)2Ni(pCF3-Ph)(OPiv) 5c. CCSD deposition 

number 2017447 

 

Figure S43. ORTEP Diagram of [Ni(PCy3)]2(µ-η2-1-otolyl)(µ-OPiv) 6a. CCSD 

deposition number 2017442 
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Figure S44. ORTEP Diagram of (PCy3)2Ni(Mesityl)(OPiv) 8. CCSD deposition 

number 2017444 

B Alert: The value of sine(theta_max)/wavelength is less than 0.575 

RESPONSE: This B alert is caused by the weak diffraction power of the crystal due to 

its small size. 

 

Figure S45. ORTEP Diagram of [(PCy3)2NiI2(μ-Cl)(μ-OPiv)] 10. CCSD deposition 

number 2017446 
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Figure S46. ORTEP Diagram of (PCy3)2NiI(OPiv) 11. CCSD deposition number 

2017445 

 
Figure S47. ORTEP Diagram of Zn3Ni4Cl4P3C73H99 12. CCSD deposition number 

2017450 
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Figure S48. ORTEP Diagram of [(PCy3)ZnCl2]2 13. CCSD deposition number 2017441 

B Alert: Ratio of Maximum / Minimum Residual Density .... 4.53 Report 

RESPONSE: The values of the max and min residual densities are very weak, 0.761 e 

and 0.168 e, both within the atomic radius of the Zn atom, so they  are negligible. 

Moreover, the R1 =1.8% denotes that the structure quality is unusually good. 

 
 

Figure S49. ORTEP Diagram of (PCy3)2ZnCl2 14. CCSD deposition number 2017443 
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Figure S50. ORTEP Diagram of [(PCy3)Zn(Cl)(Ph)]2 17. CCSD deposition number 

2017440 
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Table S1. Crystallographic Data 

 5a 5b 5c 6a 

Formula C60H102NiO2P2 C52H90NiO3P2 C55H87F3NiO2P2 C48H82Ni2O2P2 

Formula weight 976.06 883.88 957.89 870.49 

T (K) 100(2) 100(2) 100(2) 100(2) 

Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 

Crystal system monoclinic triclinic Triclinic triclinic 

Space group P21/n P-1 P-1 P -1 

a (Å) 11.3012(3) 9.8283(4) 9.791(2) 11.8307(4) 

b (Å) 28.9459(8) 13.2541(5) 13.449(3) 12.5291(3) 

c (Å) 17.2482(5) 20.5794(7) 20.225(5) 16.7277(4) 

a (deg) 90 94.4051(12) 87.810(8) 85.3982(19) 

b (deg) 90.0677(8) 103.5746(12) 78.269(7) 80.458(2) 

g (deg) 90 108.7519(12) 80.999(7) 68.699(3) 

V (Å3) 5642.3(3) 2433.58(16) 2575.4(10) 2277.61(12) 

Z 4 2 2 2 

Density (calc.) 

(Mg/m3) 
1.149 1.206 1.235 1.269 

µ (mm-1) 0.440 0.505 0.489 0.933 

F(000) 2144 968 1036 944 

Crystal size (mm3) 
0.200 x 0.100 x 

0.010 

0.100 x 0.100 x 

0.100 

0.20 x 0.06 x 

0.04 

0.200 x 0.100 x 

0.060 

Theta range for data 

collection (deg) 
1.837 to 31.545 1.032 to 29.717 1.533 to 32.616 2.116 to 33.151 

Index ranges 

-16<=h<=15,-

20<=k<=42,-

25<=l<=25 

-12<=h<=13,-

18<=k<=15,-

28<=l<=24 

-14<=h<=14,-

20<=k<=20,-

19<=l<=30 

-18<=h<=17,-

19<=k<=18,-

25<=l<=25 

Reflections collected 67764 40923 33336 58665 

Independent 

reflections 

18251[R(int) = 

0.0464] 

13603[R(int) = 

0.0473] 

16222[R(int) = 

0.0451] 

16246[R(int) = 

0.0544] 

Completeness to 

theta 

96.7% 

31.545° 

98.2% 

29.717° 

86.2% 

32.616 

93.5% 

33.151° 

Absorption 

correction 
Multi-scan Multi-scan Empirical Multi-scan 

Max. and min. 

transmission 
0.74 and 0.70 0.74 and 0.69 0.981 and 0.893 1.00 and 0.66 

Refinement method 
Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Data / restraints / 

parameters 
18251/ 345/ 774 13603/ 325/ 663 16222/ 129/ 636 16246/ 61/ 545 

Goodness-of-fit on F2 1.026 1.018 1.061 1.073 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0447, wR2 = 

0.0953 

R1 = 0.0489, 

wR2 = 0.1132 

R1 = 0.0459, 

wR2 = 0.0982 

R1 = 0.0545, wR2 

= 0.1493 

R indices (all data) 
R1 = 0.0710, wR2 = 

0.1045 

R1 = 0.0751, 

wR2 = 0.1251 

R1 = 0.0708, 

wR2 = 0.1088 

R1 = 0.0804, wR2 

= 0.1633 

Largest diff. peak 

and hole 

0.451 and -0.368 

e.Å-3 

1.138 and -0.564 

e.Å-3 

0.551 and -0.490 

e.Å-3 

1.693 and -1.172 

e.Å-3 
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Table S2. Crystallographic Data 

 8 10 11 12 

Formula C32H53NiO2 P C41H75ClNi2O2P2 C41H75NiO2P2 C76H142Cl4Ni4O 

P4Zn3 

Formula weight 559.42 814.82 720.66 1768.52 

T (K) 100(2) 100(2) 100(2) 100(2) 

Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 

Crystal system orthorhombic monoclinic triclinic orthorhombic 

Space group P 21 21 21 C2/c P-1 Pnma 

a (Å) 11.7200(9) 25.9197(8) 9.7969(8) 25.13988(19) 

b (Å) 14.0642(11) 10.0522(4) 14.2334(10) 22.16329(17) 

c (Å) 18.7889(15) 16.3147(6) 15.1145(12) 14.90732(11) 

a (deg) 90 90 89.972(2) 90 

b (deg) 90 98.3953(10). 78.236(2) 90 

g (deg) 90 90 77.843(2) 90 

V (Å3) 3097.0(4) 4205.2(3) 2015.1(3) 8306.10(11) 

Z 4 4 2 4 

Density (calc.) (Mg/m3) 1.200 1.287 1.188 1.414 

µ (mm-1) 0.703 1.067 0.593 1.984 

F(000) 1216 1760 790 3744 

Crystal size (mm3) 0.080 x 0.050 x 

0.040 

0.200 x 0.100 x 

0.020 

0.100 x 0.050 x 

0.020 

0.500 x 0.400 x 

0.400 

Theta range for data 

collection (deg) 

1.809 to 23.030 2.176 to 30.554 1.378 to 26.312 2.310 to 32.230 

Index ranges -12<=h<=10, 

-15<=k<=15, 

-20<=l<=20 

-36<=h<=32, 

-14<=k<=14, 

-23<=l<=15 

-12<=h<=11, 

-17<=k<=11, 

-18<=l<=18 

-37<=h<=37, 

-33<=k<=33, 

-22<=l<=21 

Reflections collected 33650 21619 18666 291377 

Independent reflections 4325[R(int) = 

0.1115] 

6285[R(int) = 

0.0266] 

7794[R(int) = 

0.0686] 

14683[R(int) = 

0.0355] 

Completeness to theta 99.9% 

23.030° 

97.4% 

30.554° 

95.2% 

26.312° 

97.7% 

32.230° 

Absorption correction Multi-scan Multi-scan Multi-scan Multi-scan 

Max. and min. transmission 0.74 and 0.56 0.74 and 0.65 0.74 and 0.58 1.00 and 0.68 

Refinement method Full-matrix 

least-squares on 

F2 

Full-matrix least-

squares on F2 

Full-matrix 

least-squares on 

F2 

Full-matrix 

least-squares on 

F2 

Data / restraints / 

parameters 

4325/ 54/ 370 6285/ 308/ 333 7794/ 0/ 418 14683/ 328/ 604 

Goodness-of-fit on F2 1.016 0.926 1.015 1.034 

Final R indices [I>2sigma(I)] R1 = 0.0438, 

wR2 = 0.0865 

R1 = 0.0354, wR2 

= 0.1126 

R1 = 0.0559, 

wR2 = 0.1108 

R1 = 0.0235, 

wR2 = 0.0621 

R indices (all data) R1 = 0.0656, 

wR2 = 0.0938 

R1 = 0.0483, wR2 

= 0.1241 

R1 = 0.1130, 

wR2 = 0.1293 

R1 = 0.0291, 

wR2 = 0.0642 

Largest diff. peak and hole 0.233 and -

0.282 e.Å-3 

0.951 and -0.414 

e.Å-3 

0.746 and -

0.616 e.Å-3 

0.583 and -

0.541 e.Å-3 
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Table S3. Crystallographic Data 

 13 14 17 

Formula C36H66Cl4P2Zn2 C20H37ClO0.50PZ

n0.50 

C48H76Cl2P2Zn2 

Formula weight 833.36 384.60 916.66 

T (K) 100(2) 100(2) 100(2) 

Wavelength (Å) 0.71073 0.71073 0.71073 

Crystal system triclinic orthorhombic triclinic 

Space group P-1 Fdd2 P-1 

a (Å) 9.57195(10) 15.4056(4) 8.5343(3) 

b (Å) 10.25467(11) 30.9862(8) 11.3827(5) 

c (Å) 10.98752(12) 17.0438(6) 13.3897(5) 

a (deg) 93.4549(9) 90 102.806(3) 

b (deg) 110.8907(10) 90 95.261(3. 

g (deg) 91.0965(9) 90 106.887(3) 

V (Å3) 1004.82(2) 8136.0(4) 1196.57(8) 

Z 1 16 1 

Density (calc.) (Mg/m3) 1.377 1.256 1.272 

µ (mm-1) 1.563 0.843 1.211 

F(000) 440 3328 488 

Crystal size (mm3) 0.200 x 0.100 x 

0.100 

0.100 x 0.100 x 

0.050 

0.200 x 0.100 x 

0.050 

Theta range for data 

collection (deg) 

1.989 to 32.226 2.629 to 32.131 2.158 to 32.091 

Index ranges -14<=h<=14,-

15<=k<=15,-

16<=l<=16 

-21<=h<=22,-

45<=k<=45,-

24<=l<=22 

-12<=h<=12,-

16<=k<=16,-

19<=l<=19 

Reflections collected 34210 23701 13348 

Independent reflections 6742[R(int) = 

0.0162] 

6397[R(int) = 

0.0225] 

13348[R(int) = ?] 

Completeness to theta 94.6% 

32.226° 

95.5% 

32.131° 

95.2% 

32.091° 

Absorption correction Multi-scan Multi-scan Multi-scan 

Max. and min. transmission 1.00 and 0.87 1.00 and 0.87 1.00 and 0.80 

Refinement method Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Full-matrix least-

squares on F2 

Data / restraints / 

parameters 

6742/ 0/ 199 6397/ 199/ 260 13348/ 0/ 245 

Goodness-of-fit on F2 1.039 1.019 1.036 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0182, wR2 = 

0.0520 

R1 = 0.0249, 

wR2 = 0.0658 

R1 = 0.0361, wR2 

= 0.1075 

R indices (all data) R1 = 0.0194, wR2 = 

0.0526 

R1 = 0.0270, 

wR2 = 0.0668 

R1 = 0.0408, wR2 

= 0.1095 

Largest diff. peak and hole 0.761 and -0.168 

e.Å-3 

0.420 and -0.293 

e.Å-3 

1.023 and -0.349 

e.Å-3 
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Chapter 3: A Room Temperature-Stable Magnesium 

Electride 

 

Under review in: Journal of the American Chemical Society  

Research carried out in collaboration with: Cuong Dat Do, Carlota Odena, Jordi 

Benet-Buchholz, Liang Xu, Cina Foroutan-Nejad, Kathrin H. Hopmann 
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reactions and analyzed the data unless otherwise stated. C.O. performed quantitative 1H 

NMR and EPR experiments on 3 and reductions of (bipy)NiCl2 with KC8. C. D. D., L. 

X., and C. F. N. performed computational investigations with C. F. N. and K. H. H 

guiding these investigations. J. B. solved the crystal structures. C.S.D. and R.M. 

conceived and designed the experiments and prepared the manuscript. All authors 

contributed to discussions, commented and edited the manuscript. 
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3.1 General Introduction 

3.1.1 Bipyridine Ligands in Catalysis 

Bipyridine ligands have historic and prosperous relationships with main group, 

transition metal, and materials chemistry.1 Cited as “the most widely used ligand",2 the 

popularity of bipyridines is ascribed to their robust synthesis, tunable steric and 

electronic properties, modular -donating ability of the nitrogen atoms, and -accepting 

molecular orbitals. These ligands are involved in rich coordination chemistry with most 

bipyridine ligands coordinating as bidentate N,N- chelating ligands, however are known 

to also act as monodentate ligands or react by cyclometallation as a C,N-donor.3 In 

addition, the redox non-innocent character of the bipyridyl core4-8 and the involvement 

of metal-to-ligand charge transfer events have enabled new catalytic redox 

transformations of utmost synthetic relevance for our chemical portfolio (Scheme 

3.1).9-12 

 

Scheme 3.1. Inherent interest of bipyridine scaffolds. 

3.1.2 Bipyridine Ligands in Reductive Cross-Coupling Reactions 

The incorporation of polypyridine ligands in Ni-catalyzed reductive coupling 

reactions has played a critical, yet not fully understood role in modulating both 

reactivity and selectivity.13-15 A close inspection of the literature reveals an intriguing 

threshold in the reductants that are compatible in reductive cross-coupling reactions 

(Scheme 3.2). While milder Mn or Zn reductants have become routine in these 

processes with redox active ligands, stronger reductants such as Mg have only found 

utility in Ni-catalyzed reactions supported by redox-innocent NHC or PR3 ligands.16-18 
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This apparent reactivity threshold in the use of stronger reductants, along with the 

mechanistic ambiguity surrounded by the use of heterogeneous metal reductants is 

particularly problematic as single electron transfer has been proposed as the turnover 

limiting step in many nickel-catalyzed reductive cross coupling reactions.19-20 

 

Scheme 3.2. Reductant compatibility with polypyridine ligands in nickel catalysis. 

3.1.3 Reduced Bipyridine Ligands 

Among various possible reactions between metal reductants and bipyridine ligands 

is their direct reduction which has long been established for the reaction between 

bipyridine ligands with reactive group 1 metals. Reports of this date back to the 1960’s, 

in which the in-situ reduction of bipyridine by sodium metal was performed to generate 

the bipyridine radical anion as (bipy.-)Na which was then later characterized by EPR 

spectroscopy.21 Other reports found the bipyridine radical anion could be further 

reduced to the bipyridine dianion in the synthesis of (bipy-2)Na or (bipy)Li2 

complexes.22-23 However, these reports also found that less reducing magnesium metal 

was only found to reduce bipyridine to the radical anion to give Mg(bipy)2. Since these 

early reports, others have isolated and characterized both radical anions and dianions 

of group 1 metals such as (bipy2)(Na+(dme)}2, (bipy2-){Na+(pmdta)}2 and 

(bipy2)Rb2(en)2.
24-25 Alternatively, the reduction of bipyridine ligated transition-metal 

complexes have also been reported for bipyridine radical anions and bipyridine dianion 

complexes. The first characterized example of a bipyridine radical anion was reported 

in the synthesis of [(CO)4Cr(2,2-bipy)]− on the basis of spectroscopic studies26 with a 

more comprehensive analysis provided of a transition-metal complex ligated by a 

bipyridine radial anion in [K(2,2,2-crypt)][Fe(bipy)(mes)2].
27 Other recent examples 

include a series of [M(bipy)(mes)2]
x complexes (x = 0, -1; M = Cr-Ni)28 or 

X
X

N

N
Ni

X

X

K Na Mg Mn Zn

-1.0 -0.5-1.5-2.0-2.5-3.0-3.5

strong reductants
(rare)

mild reductants
(common)

E° (V vs SCE)
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d+

d+
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(Cp*)2Yb(bipy)29 among others. Other reports of metal bipyridine dianions have been 

proposed as [AlIII(bpy2-)2]
-,30 [ZrIV(bpy2-)3]

2-,31 and [(η5-Cp)2ZrIV(bpy2-)]0 (Figure 

3.1).32 

 

Figure 3.1. Alkali earth metal reduction of bipyridine ligands to the bipyridine radical 

anion and bipyridine dianion along with transition-metal complexes ligated by 

bipyridine radical anion or bipyridine dianion ligands. 
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3.2 General Aim of the Project 

Spurred by the contrasting reactivity in nickel-catalyzed reductive cross-

electrophile coupling reactions using redox active bipyridine ligands against redox 

innocent NHC or phosphine ligands, we aimed to better understand contributing factors 

for this incompatibility. As the redox nature of the bipyridine ligand is likely an origin 

of the divergent reactivity between these classes of ligands, a particular focus will be 

spent on determining the fate of the bipyridine ligand (Scheme 3.3). We anticipated that 

further investigations might uncover opportunities to explore inaccessible chemical 

transformations while leading to new knowledge in the Ni-catalyzed reductive coupling 

arena. 

Scheme 3.3. Possible species generated from reduction of (bipy)NiCl2 with magnesium. 
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3.3 A Room Temperature-Stable Magnesium Electride 

3.3.1 Reduction of (bipy)NiCl2 to [(THF)4Mg4(2-bipy)4][(THF)6Mg2 

(2-bipy)(Cl)] 3 

We began our investigations by monitoring the stoichiometric reduction of 

(L1)NiCl2 1 (L1 = 2,2’-bipyridine) with Mg powder (Mg2+/0 = –2.61 V vs SCE) in THF-

d8 with additional ligands to stabilize unsaturated nickel species that might be generated 

upon reduction (Figure 3.2). Interestingly, upfield signals ( = 6.7 – 4.1 ppm) were 

observed by 1H NMR spectroscopy after 4 h, which we tentatively attributed to reduced, 

anionic [(bipy)2Ni] entities. Such speciation is consistent with cyclic voltammetry 

studies performed by ourselves33 and Bartak,34 where reduction of low-valent (bipy)2Ni 

(2) occurs at ca –2.0 V to afford reduced bipy-Ni species. Analogous reports under 

strongly reducing conditions have accessed complexes [(bipy)Ni(Mesityl)2][K(2,2,2-

crypt)], [(triphos)Co-1N2]2MgIITHF4, [Ni(COD)2]Li2, [K(crown)][(tBupyrox)NiNs2]
− 

or [K(crown)] [(tBupyrox)Ni(DIPP)2]
−, supporting the notion that a [(bipy)2Ni]Mg 

species could be sufficiently long-lived to isolate.28,35-37 However, workup of the 

reaction mixture afforded a room temperature stable purple powder which upon 

crystallization from THF/pentane at –36 °C, led to the unambiguous characterization of  

an intriguing tetranuclear/dinuclear 3-Mg4/3-Mg2 couple [(THF)4Mg4(
2-

bipy)4][(THF)6Mg2(
2-bipy)(Cl)] 3 by X-Ray crystallography which was reproducibly 

solved 16 times (Figure 3.2).33 Interestingly, the 1H NMR signals of 3 overlayed those 

observed in-situ upon stoichiometric reduction of (bipy)NiCl2 1 with Mg indicating our 

initial tentative prediction of an anionic [(bipy)2Ni]- complex was incorrect. 

Furthermore, the formation of (bipy)2Mg(THF)2 competes with 3 if incomplete 

reduction occurs. Further information and the X-ray structure of this complex is 

included in the Supporting information. Direct reduction of bipy or other polypyridine 

ligands with magnesium did not generate ligand dianions of magnesium in high yields.  
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Figure 3.2 Synthesis, and crystal structure, of 3-Mg4 and 3-Mg2. X-ray structures are 

shown with thermal ellipsoids drawn at the 50% probability level (see the Supporting 

Information for details and labeled structures). Selected distances (Å): Cpy–Cpy; C5B–

C6B 1.374(5), C5A–C6A 1.382(5) Example Mg–Mg distance; Mg1B–Mg2B 

2.8246(16).  

Comparison of the interpyridyl Cpy–Cpy bonds of 3 with bipyridine radical anions 

(bipy1-, 1.429 Å)25 or free ligand (bipy, 1.494 Å),38 reveals that 3 contains particularly 

contracted Cpy–Cpy linkages ranging from 1.369(5) Å to 1.382(5) Å (avg 1.376 Å). 

These interpyridyl Cpy–Cpy bond lengths of 3 are comparable to bipy2- complexes of 

alkali metals24-25 (Figure 3.3) with bond lengths similar to (bipy2)(Na+(dme)}2 Na-1, 

[(bipy2)2] Na-2 and its (bipy)Rb2(en)2 Rb-1 analogue (Figure 3.3). This drastic 
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contraction reports directly on the localization of the electron density, suggesting 

electron occupation of the *-antibonding orbital and increased bonding character 

between the in-phase Cpy–Cpy bonds which results in an antiaromatic bipyridine ring 

system on the basis of the ring current analysis. Fragement charges were obtained to be 

1.80 and 1.66 for bipyridine in [3-Mg4]
- and [3-Mg2]

+. Current density analysis on [3-

Mg2]
+ sustains a paramagnetic current with a strength of 2.6 nA.T‒1 that is characteristic 

of a weakly antiaromatic ring.24-25,39 

 

Figure 3.3. Alkali and alkali earth metal bipy complexes. X-ray structures of bipyridine 

dianions.24-25 

The rare, symmetric binding mode of bipyridine ligands in 3 indicates that two 

bonding interactions are available from the N orbital lone pair and HOMO * orbital to 

magnesium, further advocating the notion that a bipy2- entity is generated upon 

reduction of the bipyridyl core. The symmetric macrostructure and unique bond angles 

found in 3, with Mg–N–Mg bond angles of 103° for the edges in 3-Mg4 and 109° for 

the binuclear moiety 3-Mg2 are among the few examples bearing symmetrically 

bridging μ2-bipy ligands such as (Na-1 and Na-2) or trinuclear species (Yb(μ2-

bipy)(THF)2)3
39 with no similar tetranuclear structures reported.  

 

UV-VIS absorption and IR data corroborated the assignment of a bipyridine 

dianion in 3.33 Variable temperature 1H NMR and DOSY spectroscopic experiments 

suggested that the multiple 1H NMR signals observed at room temperature (Figure 3.4) 

originate from fluxional lower order and higher order species, which coalesced upon 

warming (ca. 55°C) to a single set of signals (Figure 3.4 – major signals).  Quantitative 

EPR measurements of 3 also revealed the presence of a single electron with g = 2.00185.  
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Figure 3.4. Characterization of 3-Mg4 and 3-Mg2 

3.3.2 Computational Analysis of 3 

Initially, we visualized the electronic structure of 3 as a neutral 3-Mg4 and a radical 

3-Mg2 unit with mixed valency Mg(I)–Cl and Mg(II) centers. However, density 

functional theory (DFT, PBE0-D3BJ/6-31+G(d,p)[IEFPCM:THF])33 studies showed 

that the optimized geometries of the neutral 3-Mg4/3-Mg2 couple deviated significantly 

from the experimental X-ray structure. Further computation showed that an ion pair of 

singlet [3-Mg2]
+ and radical [3-Mg4]

- is 11.7 kcal/mol more stable than the neutral 

structure, and shows bond distances closely matching experimental values (Figure 3.5). 

The ion-pair formation likely originates from the significant instability of Mg(I) 

atoms40 which rapidly lose an electron to form the [3-Mg4]
-/[3-Mg2]

+ couple. Quantum 

theory of atoms in molecules (QTAIM) analysis41 displayed high atomic charges (1.75 

and 1.68 for [3-Mg2]
+ and [3-Mg4]

-, respectively) and QTAIM localization indices 

λ(Mg) close to 10, suggesting that all Mg atoms in 3 are Mg(II). Localization index is 

a less known QTAIM-based index that defines the population of an atomic basin minus 

the shared electrons. The difference between the localization index and atomic number 

provides an excellent measure of the charge of an atom after the ionic approximation 

for heteroatomic bonds corresponding to the IUPAC definition of oxidation state.  
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Figure 3.5. DFT orbital analysis of 3-Mg4 and 3-Mg2. HOMO, LUMO and SOMO 

(HOMO-4) orbitals for 3-Mg4 and 3-Mg2 (PBE0-D3BJ/6-31+G(d,p)[IEFPCM:THF]). 

While 3 contains short Mg–Mg distances that average 2.8533(17) Å, comparable 

to those reported in Jones’s Mg(I)–Mg(I) dimer of 2.8457(8) Å;42 no chemical bond 

between Mg(II) atoms is expected as they possess no valence electron to form a bond. 

QTAIM analysis on [3-Mg4]
- confirms this hypothesis.33 Therefore we attribute the 

short distances to the bipyridine ligands templating the Mg atoms.43 

With all Mg centres and bipy ligands of 3 assigned to Mg(II) and bipy2-, 

respectively, the intriguing question arises of where the radical electron of [3-Mg4]
- is 

located. Interestingly, the crystallographic data consistently showed a residual electron 

density at the center of 3-Mg4
 (Figure 3.6), providing the fascinating possibility that 

this species is an electride. Electrides are materials that hold a free electron in a cavity 

formed by cations,41,44 and to this date, only eight organic electrides have been 

experimentally characterized, of which only one is room temperature-stable.45 

Remarkably, QTAIM reveals the presence of a nonnuclear attractor (NNA) with a 

charge of -0.48 in the center of [3-Mg4]
-, strongly supporting that it is an electride. The 

electride electron is topologically encaged by the interaction of 6/6’ hydrogen atoms of 

bipyridine, within a capsule with an approximate length of 0.4 nm (Figure 3.6), akin to 

previously known organic electrides.43 The NNA appears only in the -electron (not 

Doublet [3-Mg4]- 
HOMO

Singlet [3-Mg2]+

HOMO

Doublet [3-Mg4]- 
a-HOMO-4

Singlet [3-Mg2]+
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the -electron) density and coincides with both the maximum of the spin density and 

the orbital HOMO-4, which we identify to be the SOMO of [3-Mg4]
-, indicating 

SOMO-HOMO inversion.33,46 The combined X-ray, DFT, and QTAIM results provide 

compelling evidence that [3-Mg4]
- is a room-temperature stable electride composed of 

[3-Mg4]
 and a genuine free electron captured at its centre. 

 
Figure 3.6. Topology of the electron density of [3-Mg4]

- containing an electride. a: X-

ray structure showing residual electron density, b: QTAIM contour plots of the 

Laplacian of the electron density, and c: Its 3D- presentation with an isosurface of -

0.005 au, d: QTAIM analysis showing that the spin density is concentrated in the middle 

of the Mg-cage and coinciding with the non-nuclear attractor. 

Typically, organic electrides are synthesized by reacting nitrogen-donor ligands 

such as aza-crown ethers with alkali metals. However, these alkali cation-nitrogen 

systems form weak bonds, implying that most known organic electrides decompose at 

or above room temperature.43 [3-Mg4]
- has strong Mg(II)‒(bipy2), and four Mg(II) ••• 

a b dc

a b dc
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e‒ interactions, which stabilize the structure via electrostatic forces. To the best of our 

knowledge, 3-Mg4 is the first experimentally known example of an Mg electride47 as 

well as the first known example employing bipyridine as a stabilizing ligand in an 

electride.44 

In light of these results, we believe 3 complements existing reports of bipyridine 

dianions with highly reducing alkali metals,24-25 while offering (a) access to a room 

temperature-stable electride (b) new considerations into the redox chemistry of 

bipyridine ligands, (c) potential new applications of 3 as a mild, homogeneous reductant, 

and (d) the formation of macrostructures that group 1 analogs are not suited to. Slightly 

analogous macrostructures such as [Na4Mg2(TMP)6(C6H3OMe-2,5)] (TMP = 2,2,6,6-

tetramethylpiperidide) or [KMg(TMP)2
nBu] have demonstrated innovative solutions to 

C(sp2) magnesiation and subsequent functionalization reactions.48-51 In addition, the 

identification of 3 from the direct reduction of bipyridine-ligated nickel species 

demonstrates their susceptibility to participate in electron transfer processes. This 

observation is particularly important, tacitly suggesting that care should be taken when 

generalizing reactivity found in Ni-catalyzed processes, particularly within the context 

of catalytic reductive couplings that utilize either strong metallic reductants or 

homogenous photocatalysts.4-8,10-15 

3.3.3 Reduction of sterically encumbered 6,6-disubstituted ligands 

Taking into consideration the influence exerted by sterically encumbered 2,2-

bipyridine ligands on reactivity,52-58 we turned our attention to investigating the 

generality of accessing reduced polypyridine-Mg species other than 3, as it might pave 

the way for future synthetic applications and an improved understanding. To this end, 

an otherwise similar route to that shown for 3 was followed for more sterically 

congested L2 (6,6’-dimethyl-4,4’-diphenyl-2,2’-bipyridine), using (L2)NiBr2 (4) as a 

precursor (Figure 4). Gratifyingly, we were able to isolate a moisture and oxygen-

sensitive black powder which was characterized by X-Ray diffraction as the monomeric 

structure 5·THF. The divergent structure of bis-ligated, monomeric magnesium 

complex 5, when compared to 3 reinforces the modularity exerted by polypyridine 

ligands and the generality of ligand reduction but also the unique reactivity of 3 to 

stabilize a free electron. A comparison of the Cpy–Cpy bond length of L2 and 5·THF 

reveals a small contraction in the latter (1.496(3) Å vs 1.443(3) Å), suggesting each of 

the two bipy ligands in 5 bears one electron as a radical anion, bound to a Mg(II) centre. 
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This interpretation gains credence by observing an EPR signal at g = 2.00285, with 

DFT calculations supporting a biradical electronic state, with one unpaired electron on 

each bpy unit (Figure 3.7). While the preferred electronic state for 5 is a triplet, our 

calculations indicate that the open-shell singlet is only slightly higher in energy,33 

suggesting that 5 may behave as a spin crossover complex. 

 

Figure 3.7. Reduction of Sterically Encumbered Ligand. Synthesis, DFT spin 

density, and X-ray structure of 5 with thermal ellipsoids drawn at the 50% probability 

level. Selected distances (Å) Cpy–Cpy; C5–C6 1.443(3), C29–C30 1.442(3).  

3.3.4 Applications of Mg Complexes as Readily Handled Reductants 

The rapid, reliable, and ease of synthesis of 3 and 5, together with the wide range 

of redox potentials that could be accessed by fine-tuning the substituents on the 

bipyridyl core argues well for their utilization as homogeneous reductants.59-62 Aimed 

at unraveling the potential of these complexes, we benchmarked their ease of handling 

and tunable reactivity by accessing low-valent (bipy)2Ni(0) complexes (Figure 3.4), 

compounds of utmost mechanistic relevance in Ni-catalyzed reactions.4-8,10-15,63-64 

Unlike their ortho substituted 2,2’-bipyridyl analogues,65-66 the synthesis of (bipy)2Ni(0) 

(2) requires challenging experimental setups such as metal vapor synthesis,34 or 

heterogeneous reductants such as Li metal, which suffer from competing overreduction, 

poor scalability, and irreproducibility. 42,59-62  
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Scheme 3.4. Homoleptic Ni(0) polypyridine complexes. 

Gratifyingly, the utilization of 3 as homogenous reductant cleanly delivered 

(bipy)2Ni(0) in 65 % yield after 1 h reaction time, together with the formation of 

insoluble (bipy)MgCl2(THF)2 (6) which was confirmed by X-ray diffraction (Scheme 

3.4).33 Notably, ligands other than bipy could be employed with equal ease, as 7 or 8 

was easily within reach from NiCl2(glyme) and L3 or L4 (L3 = bathocuproine, L4 = 

neocuproine) with 3.69 Indeed, traces, if any, of 2 are observed after exposure of 

Ni(COD)2 to bipy67-68 or by reaction of 1 with Mn, Zn or Mg (Scheme 3.5, left).33 Such 

lack of reactivity can tentatively be attributed to both slow electron transfer rates19-20 

and the deleterious impact that inorganic salts formed post-reduction (MCl2; M = Mn, 

Zn, Mg) might have on the reaction outcome. 

 

Scheme 3.5. Failed routes towards 2 and ligand sequestering.  
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Our hypothesis that MgCl2 salts formed using heterogeneous Mg as a reductant 

would be deleterious was confirmed by reacting 2 with MgCl2, leading to both rapid 

decomposition of the former and formation of 6 (Scheme 3.5, right). These findings 

highlight the importance of 3 forming highly coordinated and insoluble Mg complexes 

of type 6 en route to low-valent Ni(0) complexes, thus avoiding parasitic ligand 

sequestering events.  
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3.4 Conclusions 

In summary, we have synthesized and isolated unorthodox Mg complexes that do 

not only represent the first example of group 2 metal reduction to bipyridine dianions 

and an unprecedented room-temperature stabilized electride by magnesium but also 

offer new opportunities for accessing elusive metal intermediates that were otherwise 

inaccessible by operationally simple techniques. We have additionally demonstrated the 

importance of ligand sequestering events in decomposition pathways, and solutions to 

overcome these limitations. 

Future investigations into modifying the bipyridine backbone may provide insights 

into controlling the structural features of complexes like 3. As seen with compound 5, 

electron donating substituents such as alkyl groups may make the bipyridine ligands 

challenging to reduce to its dianion formulation but more easily reduced analogues such 

as 4,4'-diphenyl-2,2'-bipyridine may afford similar structures to 3. Alternatively, 

combining the features of electrides to be conductive materials and the ability of 

bipyridine ligands to also readily transfer electronic information may offer the 

possibility that polymetric formulations based on 3 could act as highly conductive 

materials.  
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3.6 Experimental Section 

3.6.1 General Considerations 

Solvents. Reactions were carried out under N2 in a glovebox or on a Schlenk line, in 

solvents (THF, Et2O, toluene) that had been dried and degassed using an Innovative 

Technologies solvent purification system, then stored under N2 over 4 Å molecular 

sieves for at least 16 h prior to use. Pentane was degassed by bubbling with N2 and 

stored under N2 over 4 Å molecular sieves for at least 16 h prior to use. C6D6, C7D8, 

CD2Cl2, THF-d8, (Eurisotop) were freeze/pump/thaw degassed (4x) and likewise stored 

under N2 over 4 Å molecular sieves for at least 16 h prior to use. 

 

Reagents. Bipyridine and bathocuproine were purchased from Fluorochem. 

Magnesium powder (99 ≥%) and MgCl2 (98 ≥%) were purchased from Sigma-Aldrich. 

Magnesium powder (99.8%) was purchased from Strem Chemicals. 1,3,5-

Trimethoxybenzene (TMB) was purchased from TCI Chemicals. Complexes 

(bipy)NiCl2,
1 (Bathocuproine)NiCl2,

2 (Bathocuproine)2Ni,2 and ligand 6,6’-dimethyl-

4,4’-diphenyl-2,2’-bipyridine3 were synthesized according to literature procedures.  

 

Analytical methods. Flash chromatography was performed with Sigma Aldrich 

technical grade silica gel 60 (230-400 mesh). Thin layer chromatography was carried 

out using Merck TLC Silica gel 60 F254. NMR spectra were recorded on Bruker 

Avance Ultrashield 300, 400, or 500 MHz spectrometers, with chemical shifts reported 

in parts per million (ppm) and coupling constants, J, reported in hertz. Quantitative 

NMR experiments were performed with d1 set to 10s (1H). Gas chromatographic 

analyses were performed on an Agilent 6890N gas chromatograph with an FID detector. 

Continuous wave (CW) X-band EPR spectra were obtained using a Bruker EMX Micro 

X-band spectrometer using a Bruker ER 1164 HS resonator. Spectra were simulated 

using SpinFit within Xenon. The samples were cooled to 77 K in a Suprasil finger dewar 

(Wilmad-LabGlass) filled with liquid nitrogen. The spectral data were collected with 

the following spectrometer settings: microwave power = 0.56mW; centre field = 3250 

G, sweep width = 2500 G, sweep time = 35.07 s, modulation frequency = 100 KHz, 

modulation amplitude = 10 G, power attenuation = 25 dB, time constant = 20.48 ms. 

Simulations, g values, and frequencies are provided alongside the characterization data 
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of the complexes. IR spectra were obtained with a Bruker FT-IR Alpha spectrometer. 

Elemental analysis and powder diffraction were unsuccessful in characterizing new Mg 

complexes in this work due to the reactivity and highly reduced nature of the species 

synthesized.  

 

3.6.2 Synthesis and Characterization of Complexes 

 

Synthesis of [(THF)4Mg4(2-bipy)4][(THF)6Mg2(2-bipy)(Cl)] 3 

 

 

 

In a glovebox, (bipy)NiCl2 (1.03 g, 3.62 mmol) was added to a 100 mL Schlenk flask 

with bipyridine (0.60 g, 3.82 mmol) and Mg powder (2.12g, 87.02 mmol). A stir bar 

was added, and the Schlenk flask was charged with 30 mL of THF turning the teal 

powder to a teal suspension and the resulting mixture left to stir overnight. After 16 

hours the purple solution was filtered through a celite plug with a black solid and 

unreacted magnesium being filtered off and a purple solution collected. The solvent 

was then removed to afford a purple solid which was washed with pentane (15 mL x 3) 

to give [(THF)4Mg4(
2-bipy)4][(THF)6Mg2(-bipy)(Cl)] 3 (2.46 g, 98 % yield) as a 

purple powder.  

Note: Mg source. We found that using Mg powder (99 ≥%) was important for faster 

reaction times (those noted) instead of Mg powder (99.8 %). Stir rate. A fast-stirring 

velocity was found to improve reaction times and mixing of the heterogeneous 

reductant. In the case of a slower reaction time/reduction, the reactions could be left 

longer with no loss in yield. Incomplete reduction. Syntheses conducted with shorter 

reaction times (ca. 4 h) showed incomplete reduction to 3 and crystals of 

Mg(bipy)2(THF)2 (See Fig 27 for X-Ray structure) formed. We were unable to isolate 

this structure from 3 under these short reaction times, but analogous reports from the 

reduction of bipyridine to the radical anion directly with magnesium are described.4 
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Stoichiometry of Magnesium. Likely lower stoichiometries of magnesium can be used 

if longer reaction times are employed. However, for a convenient and reproducible 

procedure an excess of magnesium is used. Temperature. While performing variable 

temperature 1H NMR experiments (from rt to 55 °C – Figure S14) no decomposition 

was observed.   

1H NMR (400 MHz, THF-d8): δ 6.55 (d, J = 6.8 Hz, 1H), 5.60 (d, J = 9.4 Hz, 1H), 4.77 

(dd, J = 9.4, 5.2 Hz, 1H), 4.10 (t, J = 5.9 Hz, 1H). 13C NMR (101 MHz, THF-d8): δ 

149.3, 148.7, 148.6, 124.5, 124.4, 123.3, 119.7, 119.4, 119.0, 114.7, 114.3, 97.8, 97.4. 

EPR = 2.00185 g (weak) 

UV-VIS (nm) = 915, 813, 725, 530, 501, 383, 373  

Key IR Stretches = 1557 cm-1 (C=C and C=N), 954 cm-1 (ring deformation stretch) 

See Figure S7 for full IR Spectra 

 

(6,6’-dimethyl-4,4’-diphenyl-2,2’-bipyridine)NiBr2 4 

 

 

 

In a glovebox, NiBr2diglyme (308 mg, 0.87 mmol) and 6,6’-dimethyl-4,4’-diphenyl-

2,2’-bipyridine (301 mg, 0.90 mmol, 1.025 equiv.) were added to a 10 mL vial. A stir 

bar was added and charged with 6 mL of THF and left to stir overnight. After 16 h 

pentane (5 mL) was added to the suspension and the reaction mixture was filtered. The 

solid was washed with pentane (1 mL x 3) to afford (6,6’-dimethyl-4,4’-diphenyl-2,2’-

bipyridine)NiBr2 4 as a pink powder (472 mg, 97 % yield). 

1H NMR (400 MHz, CD2Cl2): δ 74.3 (br s, 2H), 60.5 (br s, 2H), 20.2 (br s, 7H).  

EA Calcd. C, 51.95; H, 3.63; N, 5.05; Found: C, 48.89; H, 3.83; N, 4.73 The deviation 

from the calculated EA values might be due to incomplete sample combustion and the 

formation of Ni black on the glass reaction tube during EA analysis. Alternatively, 

deviation may arise from contaminant during shipping or residual solvent or ligand.  
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Mg(6,6’-dimethyl-4,4’-diphenyl-2,2’-bipyridine)2(THF)  5  

 

 

In a glovebox, (6,6’-dimethyl-4,4’-diphenyl-2,2’-bipyridine)NiBr2 (145 mg, 0.26 mmol) 

was added to a 10 mL vial with 6,6’-dimethyl-4,4’-diphenyl-2,2’-bipyridine (93 mg, 

0.28 mmol) and Mg powder (153 mg, 6.29 mmol). A stir bar was added, and the vial 

was charged with 4 mL of THF turning the powder into a suspension and left to stir 

overnight. After 16 h the solution was filtered through a celite plug with a black solid 

being filtered off and a dark brown solution was collected. The solvent was removed to 

afford a black solid which was washed with pentane (4 mL x 4) to give Mg(6,6’-

dimethyl-4,4’-diphenyl-2,2’-bipyridine)2(THF) 5 (169 mg, 84 % yield) as a black 

powder.  

1H NMR (500 MHz, THF-d8, weak): δ 7.42 (d, J = 7.8 Hz, 5H), 7.23 (d, J = 7.9 Hz, 

5H), 7.14 (t, J = 7.5 Hz, 7H), 7.05 (t, J = 7.6 Hz, 6H), 6.96 (t, J = 7.4 Hz, 3H), 6.81 (t, 

J = 7.3 Hz, 3H), 6.53 (s, 3H), 6.28 (s, 3H), 5.06 (s, 3H), 4.80 (s, 4H). The NMR samples 

were prepared from a saturated solution of 5 in THF-d8 to improve signal intensity. 

However, due to the mainly paramagnetic nature of 5 and the resulting low intensity of 

the NMR signals obtained, no 13C NMR signals were observed. 

EPR = 2.00285 g (strong) 

UV-VIS (nm) = 486, 406, 372 

Note: Samples were unstable under UV-VIS conditions, where after one set of scans 

decomposition was observed (see Figure S8). 

Key IR Stretches = 1573 cm-1 (C=C and C=N), 992 cm-1 (ring deformation stretch)  

See Figure S7 for full IR Spectra. 
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3.6.3 Stochiometric Reactions 

Synthesis of (bipy)2Ni 2 with 3 

 

In a glovebox, NiCl2(glyme) (64 mg, 0.29 mmol) and bipyridine (91 mg, 0.58 mmol) 

were added to a 12 mL vial. A stir bar was added, and the vial was charged with 2 mL 

of THF forming a teal suspension. After 10 minutes, a solution of 3 (89 mg, 0.58 mmol) 

in 2 mL THF was added dropwise. After 55 minutes the green suspension was filtered 

through a celite plug with a black solid being filtered off and a green solution collected. 

The solvent was removed to afford a green solid which was washed with pentane (0.5 

mL x 2) to give (bipy)2Ni 2 (70 mg, 65 % yield) as a green powder.  

1H NMR (400 MHz, C6D6): δ 10.20 (d, J = 5.7 Hz, 4H), 7.72 (ddd, J = 8.1, 6.8, 1.4 Hz, 

4H), 7.24 (d, J = 8.5 Hz, 8H). 13C NMR (101 MHz, C6D6): δ 149.4, 140.4, 125.0, 121.1, 

120.2.  

 

Notes: Stoichiometry of 3 is determined by overall MW/# of reducing electrons (i.e 

1683,29/11 = 153.0 g/mol per reducing equivalent) multiplied by 2 as two electrons are 

required to reduce Ni(II) to Ni(0). Crystals of 6 (see Figure S26) were formed from the 

crude reaction mixture. Literature syntheses. The syntheses of (bipy)2Ni 2 have been 

reported from metal-vapor synthesis,5 lithium metal reduction6 and through in situ or 

bulk electrochemical reductions.1 A common theme in the synthesis of this complex are 

challenging experimental setups. Use of heterogeneous Li or KC8 reductants (see below 

for synthesis using KC8) can result in surface-retained over-reduction which lead to 

irreproducible results that suffer from poor scalability. Furthermore, reductions with Li 

cannot be performed in typical N2 atmosphere gloveboxes due to the exothermic 

reaction of Li with N2 and its low molecular weight complicates its use at small scales. 

In the reported lithium metal reduction, 14 mg of lithium metal are weighed to perform 

a stochiometric reduction at 1 mmol scale.  The heterogeneous nature also results in 

longer reaction times with poor control over reaction rates. Alternatively, less well-

defined procedures have been described from K4[Ni(CN)4],
7 Ni(COD)2,

8 and 

(bipy)NiEt2.
9 In our hands, synthesis from Ni(COD)2 were unsuccessful in forming 

(bipy)Ni(COD) (see synthesis below) and employing (bipy)NiEt2 resulted in no 
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reaction, reflecting the general lack of literature reports implementing (bipy)2Ni. 

Commonly, literature investigations of bipy-Ni complexes rely on in-situ generation of 

(bipy)Ni(COD) from Ni(COD)2. These methods however generate a mixture of 

species10 between Ni(COD)2, (bipy)Ni(COD)11 and (bipy)2Ni, where the interactions of 

COD may complicate the desired outcome. This mixture of speciation also complicates 

isolation of (bipy)2Ni in pure form from Ni(COD)2. NMR Characterization. To our 

knowledge only 1H NMR characterization has been provided by Bartak5 which is 

similar to those reported above. Fuller characterization is now reported with both 1H 

and 13C NMR data and corresponding spectra, in addition to unambiguous assignment 

by single crystal XRD.  
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Synthesis of (bipy)2Ni 2 from KC8 Reduction 

In a glovebox, (bipy)NiCl2 (25.2 mg, 0.09 mmol), bipyridine (13.9 mg, 0.09 mmol), 

and KC8 (13.5 mg, 0.10 mmol) were added to a 12 mL vial. A stir bar was added, and 

the vial was charged with 2 mL of THF turning the teal powder to a teal suspension. 

The initial dark pink solution gradually turned dark green over few minutes. (Note. Two 

identical reactions were carried out to be analyzed in different reaction times.) After 55 

min and 3 hours, the green suspension was filtered through a celite plug with a black 

solid being filtered off and a green solution collected. The solvent was removed to 

afford a green solid which was washed with pentane (0.15 mL x 2). Note. Other 

experimental setups by adding KC8 as a dropwise slurry in THF were unsuccessful. 

 After 55 min: 1H NMR analysis (C6D6) identified a mixture of (bipy)2Ni 2 and 

unreacted bipyridine (54:46 ratio – see Figure S1).  

 After 3 h: (bipy)2Ni 2 (crude; 13.0 mg, 39 % yield – 10:1 ratio (bipy)2Ni:free 

bipy) was obtained as a green powder. Significant spectral broadening is 

observed due to free ligand in equilibria with (bipy)2Ni (see Figure S1). 

 

Figure S1. 1H spectra (C6D6, 400 MHz) reducing (bipy)NiCl2 with KC8 (1.1 equiv.). 

After 55 min, a mixture of (bipy)2Ni 2 (blue) and unreacted bipyridine (red) is observed 

(54:46 ratio).   
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Synthesis of (bipy)Ni(COD) from Ni(COD)2 

 

In a glovebox, Ni(COD)2 (81 mg, 0.29 mmol) and bipyridine (96 mg, 0.62 mmol 2.1 

equiv) were added to a 12 mL vial. A stir bar was added, and the vial was charged with 

8 mL of pentane. After 16 h, the solution was filtered through a celite plug and the 

solvent was removed to afford a purple solid. The solid was washed with pentane (0.5 

mL x 2) to give (bipy)Ni(COD) (75 mg, 92 % yield) as a purple powder with minor 

impurities of (bipy)2Ni 2 and COD.  
 

1H NMR (500 MHz, C6D6): δ 10.15 (d, J = 5.8 Hz, 2H), 7.29 (d, J = 3.9 Hz, 4H), 7.00 

(d, J = 3.2 Hz, 2H), 3.92 (d, J = 3.4 Hz, 4H), 3.01 – 2.72 (m, 4H), 1.95 (d, J = 8.3 Hz, 

4H). The spectroscopic data correspond to those previously reported in the literature.11 

  

 

 

Figure S2. 1H spectrum (C6D6, 500 MHz) of (bipy)Ni(COD) from Ni(COD)2. bipy = 

bipyridine, COD = cyclooctadiene 
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Attempted Synthesis of (bipy)2Ni 2 with Mg, Mn, or Zn 

In a glovebox, (bipy)NiCl2 (25.2 mg, 0.09 mmol), bipyridine (13.9 mg, 0.09 mmol), 

and Mg powder (2.2 mg, 0.09 mmol) were added to a 12 mL vial. A stir bar was added, 

and the vial was charged with 2 mL of THF turning the teal powder to a teal suspension. 

The reaction remained a teal suspension that gradually began to darken over 7 days. 

After 7 days, an aliquot was taken from the suspension, filtered through a celite plug to 

remove unreacted (bipy)NiCl2 and the solvent was removed. 1H NMR analysis (C6D6) 

identified minor amounts of (bipy)2Ni 2, and mainly unreacted bipyridine (15:85 ratio 

- below).  

Note. Analogous Reactions with Mn or Zn afford no signals for (bipy)2Ni.  

 

 

 

Figure S3. 1H spectra (C6D6, 400 MHz) reducing bipyNiCl2 with Mg powder (1 equiv.). 

After 7 days, very minor quantities of (bipy)2Ni 2 (blue) formed with largely unreacted 

bipyridine (red) remaining (15:85 ratio).  
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Synthesis of (Bathocuproine)2Ni 7 with 3 

In a glovebox, NiCl2(glyme) (68 mg, 0.31 mmol) and bathocuproine (223 mg, 0.62 

mmol) were added to a 12 mL vial. A stir bar was added, and the vial was charged with 

4 mL of THF turning the powder to a suspension. After 5 minutes, a solution of 3 (95 

mg, 0.62 mmol) in 4 mL THF was added dropwise. After 55 minutes the purple solution 

was filtered through a celite plug with a black solid being filtered off and a purple 

solution collected. The solvent was removed to afford a purple solid which was washed 

with pentane (1 mL x 2) to give (Bathocuproine)2Ni 7 (216 mg, 90 % yield) as a purple 

powder. The spectroscopic data correspond to those previously reported and validated 

by independent synthesis using literature procedures from Ni(COD)2.
2 

 

1H NMR (500 MHz, C6D6) δ 7.96 (s, 2H), 7.86 (s, 2H), 7.67 (dd, J = 8.2, 1.3 Hz, 4H), 

7.43 – 7.33 (m, 2H), 7.24 – 7.17 (m, 4H, slight overlap with C6D6), 2.49 (s, 6H). 

1H NMR (400 MHz, THF-d8): δ 8.11 (s, 2H), 7.90 – 7.70 (m, 6H), 7.62 – 7.48 (m, 2H), 

7.40 (t, J = 7.6 Hz, 4H), 2.45 (s, 6H). 

 

Synthesis of (Neocuproine)2Ni 8 with 3 

In a glovebox, NiCl2(glyme) (68 mg, 0.31 mmol) and neocuproine (129 mg, 0.62 mmol) 

were added to a 12 mL vial. A stir bar was added, and the vial was charged with 4 mL 

of THF turning the powder to a suspension. After 5 minutes, a solution of 3 (95 mg, 

0.62 mmol) in 4 mL THF was added dropwise. After 55 minutes the brown solution 

was filtered through a celite plug with a black solid being filtered off and a brown 

solution collected. The solvent was removed to afford a brown solid and washed with 

pentane (1 mL x 2) to give (neocuproine)2Ni 8 (131 mg, 89 % yield) as a brown powder. 

The spectroscopic data correspond to those previously reported and validated by 

independent synthesis using literature procedures from Ni(COD)2.
12 

 

1H NMR (500 MHz, C6D6) δ 9.00 (d, J = 7.3 Hz, 2H), 7.68 (d, J = 7.3 Hz, 2H), 7.32 

(s, 2H), 2.24 (s, 6H). 
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Direct Reduction of Bipyridine, Neocurpoine, and Bathocuproine 

With Magnesium 

An alternative synthesis to highly reduced polypyridine dianions could be envisioned 

via the direct reduction of the free ligand with magnesium. Attempts at the direct 

reduction of ligands bipyridine, neocuproine and bathocuproine with magnesium 

powder were attempted following the procedure for cluster 3, however, none of the 

syntheses afforded the highly reduced ligand dianions of magnesium in high yields.   
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In-Situ Synthesis of (Bathocuproine)2Ni 7 

In a glovebox, bathocuproine (6.5 mg, 0.02 mmol) and trimethoxybenzene (1.8 mg, 

internal standard) were dissolved in 0.8 mL THF-d8 in a 3 mL vial. The solution was 

then added to a J. Young NMR tube, and the initial integration ratio of bathocuproine 

and TMB was measured (below - t0). The solution was brought back into the glovebox 

and added to a stirred solution of (bathocuproine)NiCl2 (8.6 mg, 0.02 mmol) in 0.5 mL 

THF-d8. 5 (16.6 mg, 0.02 mmol) was then added and a rapid color change to red was 

observed. After 30 minutes the solution was transferred into a J. Young NMR tube and 

analyzed by 1H NMR spectroscopy (t1 – Bc2Ni, 27 % yield).  

 

 

 

Figure S4. 1H spectra (THF-d8, 400 MHz) reducing (Bc)NiCl2 to (Bc)2Ni 7 (red) 

quantified from initial integration of bathocuproine (grey) using internal standard TMB 

(green). 
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Reaction of (bipy)2Ni 2 with MgCl2   

In a glovebox, (bipy)2Ni (9.8 mg, 0.03 mmol) and trimethoxybenzene (2.1 mg) were 

dissolved in 1 mL THF-d8 in a 3 mL vial. The solution was then added to a J. Young 

NMR tube, and the initial integration ratio of (bipy)2Ni and TMB was measured (below 

- t0). The solution was brought back into the glovebox and added to a stirred suspension 

of MgCl2 (5.5 mg, 0.06 mmol) in 0.5 mL THF-d8. After 1 h a suspension was formed 

and filtered through a pipette plug of celite where a black solid was filtered of and the 

filtrate was collected into a J. Young NMR tube and measured by quantitative 1H NMR 

(t1 – only TMB remaining in filtrate). The filtrate was brought back into the glovebox 

and added to a 3 mL vial where the solvent was removed. DMF-d7 was added to the 

precipitate noted earlier and passed through the same celite plug dissolving the 

previously filtered solid into the vial of TMB and transfer to a J. Young NMR tube and 

measured by quantitative 1H NMR (t2 – ratio of (bipy)MgCl2(THF)2 6 formed as a 

precipitate and TMB measured, 77 % yield). 

 

 

Figure S5. 1H spectra (THF-d8, 400 MHz and DMF-d7) of MgCl2 undergoing ligand 

scavenging of (bipy)2Ni 2 (blue) forming (bipy)MgCl2(THF)2 6 (red) using internal 

standard TMB (green).  
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Independent formation of (bipy)MgCl2  

 

MgCl2 (5.8 mg, 0.06 mmol) and bipyridine (9.6 mg, 0.06 mmol) were added to a 4 mL 

vial with 1 mL DMF-d7. The solids were then sonicated until the solution was 

homogeneous (ca. 5 minutes) and then analyzed by 1H and 13C NMR spectroscopy. 

1H NMR (400 MHz, DMF-d7): δ 8.70 (br s, 2H), 8.45 (br s, 2H), 7.99 (br s, 2H), 7.47 

(br s, 2H). 13C NMR (101 MHz, DMF-d7): δ 156.6, 138.2, 125.2, 121.5.  

 

Figure S6. 1H and 13C spectra (DMF-d7, 400/101 MHz) of (bipy)MgCl2. *water     
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3.6.4 IR, UV-VIS, and Cyclic Voltammetry 

Infrared Spectroscopy of 3 and 5 

 

 

Figure S7. Stack IR spectra of 3 and 5. 
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UV-VIS Spectroscopy of 3 and 5 

 
Figure S8. UV-VIS spectra of 3 and 5. 5 showed instability with the initial scan (red) 

decomposing to the brown trace. 
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Cyclic Voltammetry of 1, 3 and 5 

 

Figure S9. Cyclic voltammogram of (bipy)NiCl2 1. Voltammograms were taken using 

a glassy carbon working electrode in a 0.1 M [nBu4N][PF6] supporting electrolyte DMF 

solution with a 50 mV/s scan rate and 0.01 M of sample referenced to Fc (+380 vs SCE). 

Scans were started at the open-circuit potential and scanned in the anode direction first; 

the second cycle is shown here. E1/2 values for 1 are Ni2+/Ni0 = –1.33 V, [Ni0]1  = –2.09 

V and ligand reduction at –2.61 V. Literature reports CV of (bipy)2Ni or 

(bipy)3Ni(ClO4)2 MeCN (0.2 M, TEAP)5; Ni2+/Ni0 = –1.27 V, [Ni0]1  = –1.97 V, 

bipyridine radical anion reduction –2.40 V and dianion reduction –2.62 V among 

others.1,9 

 

Figure S10. Cyclic voltammogram of 3. Voltammograms were taken using a glassy 

carbon working electrode in a 0.1 M [nBu4N][PF6] supporting electrolyte THF solution 

with a 50 mV/s scan rate and 0.01 M of sample referenced to Fc (+380 vs SCE). Scans 

were started at the open-circuit potential and scanned in the anode direction first; the 

second cycle is shown here. E1/2 values for 3 are Mg1-/Mg0 = –2.36 V, Mg-2/Mg-1 = –

2.79 V.  
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Figure S11. Cyclic voltammogram of 5. Voltammograms were taken using a glassy 

carbon working electrode in a 0.1 M [nBu4N][PF6] supporting electrolyte THF solution 

with a 25 mV/s scan rate and 0.01 M of sample referenced to Fc (+380 vs SCE). Scans 

were started at the open-circuit potential and scanned in the anode direction first; the 

second cycle is shown here. E1/2 values for 5 are Mg0/Mg1- = –2.29 V, Mg1-/Mg1 /1  = 

–2.60 V Mg1 /1 / Mg2  = –3.04 V.  
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3.6.5 NMR and EPR Spectra of Synthesized Complexes  

 
Figure S12. 1H and 13C NMR spectra (THF-d8, 400/101 MHz) of 3. 

 

Figure S13. EPR spectrum of 3 (77K, THF), g = 2.00185. 
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Figure S14. Variable temperature 1H NMR spectra (THF-d8, 400 MHz) of 3. 

 

Figure S15. DOSY 1H NMR spectra (THF-d8, 400 MHz) of 3 illustrating both 

monomeric and higher order speciation exist in solution. 
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EPR quantification of 3 

Two solutions of 3 in THF were prepared (1 and 3 mM) and quantified against a 

calibration curve of Cu(II). A minor concentration dependence was observed consistent 

with complex speciation, with slightly over 100 % (105 – 112 %, excluding a nonlinear 

calibration point) quantification of the unpaired electron of 3 was determined. We 

attribute this higher quantification to minor experimental error or minor paramagnetic 

impurities as the paramagnetic contribution of 3 is small compared to (1 electron over 

the whole complex of 236 atoms) the diamagnetic portion of the complex.    

 

Figure S16. Calibration curve against Cu(II) and EPR quantification of 3. 

1H NMR quantification of 3 

Quantitative 1H NMR experiments of 3 in THF-d8 were conducted (1 and 3 mM 

solutions), using analytically pure [nBu4][PF6] as calibration standard. In both cases, 

1002 % of 3 was determined. [nBu4][PF6] was chosen as the internal standard since it 

is inert and 3 and cannot undergo redox reactions with it. 

 
Figure S17. Quantitative 1H NMR spectrum (THF-d8, 400 MHz) of 3 mM solutions of 

3. 
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Figure S18. 1H and 13C NMR spectra (THF-d8, 500 MHz) of 5. 

 

Figure S19. EPR spectrum of 5 (77K, THF), g = 2.00285. 
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Figure S20. 1H and 13C NMR spectra (C6D6, 400 MHz) of (bipy)2Ni 2. 

 

Figure S21. Paramagnetic 1H NMR spectrum (CD2Cl2, 400 MHz) of (L2)NiBr2 4.  
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3.6.6 Crystallographic Data  

Data collection: The measured crystals were prepared under inert conditions 

immersed in perfluoropolyether as protecting oil for manipulation.  

Crystal structure determination for compound (bipy)2Mg(THF)2 was carried out 

using a Rigaku diffractometer equipped with a Pilatus 200K area detector, a Rigaku 

MicroMax-007HF microfocus rotating anode with MoK radiation, Confocal Max Flux 

optics and an Oxford Cryosystems low temperature device Cryostream 700 plus (T = -

173 °C). Full-sphere data collection was used with  and  scans. Programs used: Data 

collection data reduction with CrysAlisPro13 and absorption correction with Scale3 

Abspack scaling algorithm.14 

Crystal structure determination for 3 (crystal type C) was carried out using an 

Apex DUO Kappa 4-axis goniometer equipped with an APPEX 2 4K CCD area detector, 

a Microfocus Source E025 IuS using CuK radiation, Quazar MX multilayer Optics as 

monochromator and an Oxford Cryosystems low temperature device Cryostream 700 

plus (T = -173 °C). Full-sphere data collection was used with  and  scans. Programs 

used:  Data collection APEX-2,15 data reduction Bruker Saint16 V/.60A and absorption 

correction TWINABS.17 

Crystal structure determination for 2, 5, 6 and L2 was carried out using an Apex 

DUO Kappa 4-axis goniometer equipped with an APPEX 2 4K CCD area detector, a 

Microfocus Source E025 IuS using MoK radiation, Quazar MX multilayer Optics as 

monochromator and an Oxford Cryosystems low temperature device Cryostream 700 

plus (T = -173 °C). Full-sphere data collection was used with  and  scans. Programs 

used:  Data collection APEX-2,15 data reduction Bruker Saint16 V/.60A and absorption 

correction SADABS.17 

Structure Solution and Refinement: Crystal structure solution was achieved using the 

computer program SHELXT.18 Visualization was performed with the program 

SHELXle.19 Missing atoms were subsequently located from difference Fourier 

synthesis and added to the atom list. Least-squares refinement on F2 using all measured 

intensities was carried out using the program SHELXL 2015.20 All non-hydrogen atoms 

were refined including anisotropic displacement parameters.  

Comments for the structures: 

Compound 3: Due to the difficulties in obtaining high quality single crystals for 3 and 

in order to confirm unambiguously this structure and specially the oxidation status of 

the metal atoms, several crystallizations and measurements were performed. While as 
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a powder, compound 3 is stable in a nitrogen glovebox, in the crystalline form is 

extremely sensitive to solvent loss (THF) and readily oxidizes under aerobic 

atmosphere (crystallizations were performed in a glovebox freezer), various methods 

of crystal preparation were performed (e.g chilling with dry CO2, a N2 stream at the 

microscope, etc.). Additionally, the preparation was further complicated as the colour 

of the crystals are very dark and opaque with a very dark mother liquor. The general 

tendence of this compound to also crystallize as multicomponent crystals or twins make 

this a very challenging compound to work with. Finally, 16 crystals were measured. 

Different cells in one crystal corresponded to different indexations of the same dataset 

(27 indexed datasets) containing the 3-Mg4/3-Mg2 couple. A summary of the dataset 

collected is shown in Table S1. 
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Table S1. Table of 16 different measured crystals, corresponding to each crystal code. 

Different cells correspond to different indexations of the same dataset (27 indexations). 

The dark grey marked line corresponds to the best dataset measured. 
Crystal Crystal 

code 

Cell Space 

group 

a b c α β γ R1 

(%) 

Ratio 

reflect/pa

r 

Comments 

A 
mo_CSD0

533_frag 
monoclinic P2/c 40.00 22.60 23.72 90.00 95.70 90.00 14.63 6.27 

Initial 

structure 

obtained; 

highly 

disordered 

  monoclinic C2/c 23.70 22.60 37.40 90.00 90.06 90.00 25.10  
TWIN 1 0 0 0 

-1 0 0 0 -1 

  monoclinic C2/c 44.20 22.60 23.70 90.00 
122.4

1 
90.00 26.60  

TWIN 1 0 2 0 

1 0 0 0 -1 

  orthorhombic Pbca 22.65 37.46 23.75 90.00 90.00 90.00 30.60   

  orthorhombic Pbcn 37.46 22.65 23.75 90.00 90.00 90.00 29.23   

  monoclinic C2/m 23.75 22.64 37.36 90.00 90.06 90.00 24.92   

  orthorhombic Ibam 37.54 22.66 23.80 90.00 90.00 90.00 37.60   

A 
58d-21 

COJ311 
orthorhombic Pbcn 23,58 37,07 22,45 90,00 90,00 90,00 14,28 2,00 

Extremly 

small crystal, 

not enough 

data 

  orthorhombic 
Pca2(1

) 
23,58 37,06 22,45 90,00 90,00 90,00 15,55 2,00  

D 
58e-21 

COJ311 
triclinic P1 17,93 18,43 18,98 97,83 92,07 118,07 14,76 4,80 

Extremly 

disordered 

D  triclinic P-1 17,93 18,43 18,98 97,83 92,07 118,07 17,04 4,47  

D 
58f-21 

COJ311 
triclinic P-1 17,94 18,35 18,92 98,04 92,42 117,93   bad crystal 

D 
58ff-21 

COJ311 
triclinic P-1 17,92 18,28 18,92 98,18 92,12 117,80   bad crystal 

D 
58ffff-21 

COJ311 
triclinic P1 17,92 18,28 18,92 98,18 92,12 117,80 15,35 6,20  

D  triclinic P-1 17.92 18.28 18.92 98.18 92.12 117.80 15.64 6.20  

D 

247a-21 

CSD08M

gCluster 

triclinic P-1 18,00 18,41 18,96 98,33 92,13 117,73 20,00 3,50  

D 

247b-21 

CSD08M

gCluster 

triclinic P-1 17,97 18,41 18,95 98,15 92,08 117,81 14,29 9,00  

C 
58g-21 

COJ311 
monoclinic C2/c 44,88 22,58 23,72 90,00 

110,2

8 
90,00 10,58 10,78 

Multicompon

ent crystal 

with two 

domains 

 
58gg-21 

COJ311 
monoclinic P21/c 42,99 22,64 23,81 90,00 

101,0

5 
90,00 24,08 9,69  

 
58h-21 

COJ311 
triclinic 

P1 / 

P2/m 
22,64 23,81 43,06 79,31 90,04 89,97   bad crystal 

C 
58hh-21 

COJ311 
monoclinic C2/c 45,00 22,67 23,76 90,00 

110,2

6 
90,00 24,45 3,08 twin5 

C 
58j-21 

COJ311 
monoclinic C2/c 44,97 22,69 23,76 90,00 

110,2

6 
90,00 22,41 27,41 

twin? 

Comprovar 

amb g 

B 
58i-21 

COJ311 
monoclinic P2/c 39,92 22,61 23,70 90,00 90,80 90,00 19,66  

TWIN 1 0 0 0 

-1 0 0 0 -1 

  monoclinic P21/c 42,38 22,77 23.97 90,00 90,40 90,00 30,00  
TWIN 1 0 0 0 

-1 0 0 0 -1 

B  orthorhombic Pbcn 42,34 22,71 23,88 90,00 90,00 90,00 13,38 5,51  

 
58ii-21 

COJ311 
monoclinic P2/c 39,98 22,64 23,76 90,00 95,87 90,00 24,00 3,70  

C 

279a-21 

CSD08M

gcluster 

monoclinic C2/c 45,10 22,64 23,80 90,00 
110,2

0 
90,00 7,15 13,78 

TWIN 5 

BASF 0.38 
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In general, it was observed that the crystal form measured depends on the crystallization 

conditions and on the speed by mounting the crystals. Generally, crystallizations of one 

same batch contained the same crystalline phase. Crystals mounted in a time below 5 

seconds and directly form the suspension in the mother liquor under nitrogen, gave the 

best diffracting datasets but were difficult to clean up in relation of different crystalline 

domains. Crystals prepared first in the microscope under oil coating, presented different 

crystalline phases than the previous ones and showed a much higher mosaicity. In 

contrast, these were easier to select and clean up. In general, the loss of THF in the 

crystal leaded to changes in the crystal phase until it decomposed. 

In the series of performed measurements a total of four different crystal structures (A, 

B, C and D) could be solved and refined which contained always the same 

organometallic core (3-Mg4/3-Mg2 couple, see below); with a tremendous effort to 

obtain the best description of this new structure. For the description of this new 

compound in this paper the best dataset refined was selected (Structure type C). The 

complete description of all different structures obtained for this compound will be 

published elsewhere in a specialized journal.  

Compound 3, crystal C:  

A black crystal of compound 3 (crystal type C) was mounted directly extracted from 

the N2-protected THF suspension without manipulation into the diffractometer at 100 

K. The crystal was coated in perfluoropolyether as protecting oil and mounted in a time 

below 5 seconds. It resulted to be a multicomponent crystal from which two crystals 

could be indexed successfully. To reduce reflection overlapping the measurement was 

performed using CuKa-radiation and the sample was processed with TWINABS17 used 

for scaling and absorption correction of multicomponent crystals. The ratio of the two 

crystals after refinement (BASF value) achieved a value of 62:38. The structure 

obtained was of good quality (R1-value of 7.15 %) and for both crystals refined in the 

monoclinic space group C2/c an observed reflections to parameter ratio of 13,78 was 

reached. 

The asymmetric unit contains one salt unit formed by a square Mg4-cluster anion (3-

Mg4) and Mg2Cl1 cationic metal-complex molecule (3-Mg2), and 6 ½ non-coordinated 

THF molecules. The 3-Mg4 anion corresponds to a square Mg cluster coordinated to 

four bipyridine molecules and four THF molecules. The 3-Mg2 cation corresponds to a 

bimetallic Mg complex with a chloro-bridge which is coordinated to one bipyridine 

molecule and six THF molecules. The 6.5 non-coordinated THF molecules are 
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disordered in 11 different locations. In the organometallic core most of the coordinated 

THF molecules are disordered in two orientations. Noteworthy a large residual electron 

density was located in the center of the four membered Mg-cluster which corresponds 

to a concentration of negative charge in the anionic part of the Mg-salt formed (1.9 eÅ-

3). This electron density is localized reproducibly in structures refined for crystal types 

A, B, C and D and is consistent with performed calculations. 

Compound 2: The measured sample was formed by several crystals from which three 

could be indexed. Two minor crystals were ignored and only the larger crystal was used 

for integration. All samples tested were formed by several crystals and no better data 

could be collected. Although the structure is already known, the measured crystal 

corresponds to an unpublished polymorph of this compound. This structure 

unambiguously confirmed our assignment of 2 in its synthesis, which was lacking 1H 

and 13C NMR spectra in the literature. The refined crystal crystallized in the monoclinic 

space group C2/c as a real twin and the matrix -1 0 0 0 -1 0 1 0 1 (the minor twin 

component contribution was of 9 %; basf: 0.09) was applied. The asymmetric unit 

contains two half independent molecules of the metal complex which have C2 

symmetry. Unusual residual densities and low bond precision were attributed to the 

presence of additional crystals in the sample measured and effects of twinning. The 

structure was considered of enough quality to be published. 

Compound 5: Crystals measured for this sample were black and extremely difficult to 

select from the suspension. Mounted crystals were always formed by several single 

crystals (multi-component crystal or twin). The selected sample was also formed from 

several crystals in which five single crystals could be indexed (Crystals AA, BB, CC, 

DD and EE). Three different cells were identified. Crystal AA: a: 11.88 Å, b: 7.5 Å, c: 

20.20 Å, α: 90º, β: 90º γ: 90º; Orthorhombic P. Crystal BB: a: 13.12 Å, b: 13.38 Å, c: 

14.67 Å, α: 67.1º, β: 85.9º γ: 69.4º; Triclinic P. Crystal CC: a: 13.1 Å, b: 13.5 Å, c: 14.5 

Å, α: 67.0º, β: 85.7º γ: 69.1º; Triclinic P. Crystal DD: a: 11.05 Å, b: 7.36 Å, c: 11.84 Å, 

α: 90º, β: 117.3º γ: 90º; Monoclinic P. Crystal EE: a: 11.07 Å, b: 7.38 Å, c: 11.86 Å, α: 

90º, β: 117.0º γ: 90º; Monoclinic P. Crystals AA and EE were integrated, solved and 

refined. Both (AA and EE) corresponded to the structure of the ligand in two 

polymorphic forms (This ligand was used for forming the metal-complex structure; 

ligand: C24H22N2). The structure corresponding to crystal EE was not added to this 

paper. Crystal AA is described as Compound L2. Crystal BB was also integrated, solved 

and refined and corresponded to the expected structure. The asymmetric unit of crystal 
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BB contains one molecule of the Mg metal complex and one non-coordinated THF 

molecule. Low bond precision on C-C bonds (0.00429) and deviations for the K values 

in the analysis of variance (C-alerts) were considered an effect of the presence of several 

crystals in the sample. Despite of the presence of the other crystals in the sample, the 

structure of crystal BB was of good quality and considered suitable for publication. The 

integration was performed using only the orientation matrix for crystal BB ignoring 

possible overlapping reflections of the other crystals present. 

Compound L2: Compound L2 corresponds to crystal AA to the previous described 

multi-component crystal sample. The asymmetric unit contains half a molecule of the 

ligand which show Ci-symmetry. 

Compound 6: The two THF molecules attached to the Magnesium atom are disordered 

in two orientations (approximate ratio: 50:50). 

Compound (Bipy)2Mg(THF)2: This compound crystallizes in the tetragonal group 

space P-421c. The asymmetric unit contains half molecule of the Mg metal complex. 

 

Figure S22. ORTEP drawing (50 %) showing one of the tetranuclear (3-Mg4) and one 

of the binuclear groups (3-Mg2) present in the structure of [(THF)4Mg4(
2-

bipy)4][(THF)6Mg2(
2-bipy)(Cl)] 3. Non-coordinated solvent molecules (THF), 

disordered parts and hydrogen atoms have been omitted in the sake of clarity. CCDC 

deposition numbers CCDC-2151121. 
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Figure S23. ORTEP drawing (50 %) showing Mg(4,4-phenyl-2,2-methyl-

bipyridine)2(THF) 5. A non-coordinated THF molecule and hydrogen atoms have been 

omitted in the sake of clarity. CCDC deposition number CCDC-2060212. 

 

Figure S24. ORTEP drawing (50 %) showing 4,4-phenyl-2,2-methyl-bipyridine L2. 

Hydrogen atoms have been omitted in the sake of clarity. CCDC deposition number 

CCDC-2060213. 
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Figure S25. ORTEP drawing (50 %) showing one of the independent molecules 

contained in the structure of (bipy)2Ni 2. Hydrogen atoms have been omitted in the sake 

of clarity. CCDC deposition number CCDC-2060211. 

 

Figure S26. ORTEP drawing (50 %) showing (bipy)MgCl2(THF)2 6. Hydrogen atoms 

and disordered parts have been omitted in the sake of clarity. CCDC deposition number 

CCDC-2060214. 
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Figure S27. ORTEP drawing (50 %) showing (bipy)2Mg(THF)2. Hydrogen atoms have 

been omitted in the sake of clarity. CCDC deposition number CCDC-2060210. 

  

UNIVERSITAT ROVIRA I VIRGILI 
UNDERSTANDING NICKEL CATALYSIS AT THE MOLECULAR LEVEL: INSIGHTS INTO C-O FUNCTIONALIZATION AND 
ELECTRON TRANSFER EVENTS 
Craig Day



 

 
 186 

 

Table S2. Crystallographic Data 

 
 3 crystal type C 6 (bipy)2Mg(THF)2 

Formula C115H170Cl1Mg6N10O1

6.25 
C18H24Cl2MgN2O2 C56H64Mg2N8O4 

Formula weight 2133.91 395.60 961.77 
T (K) 100(2) 100(2) 100(2) 

Wavelength (Å) 1.54178 0.71073 0.71073 
Crystal system Monoclinic Monoclinic Tetragonal 
Space group C2/c P21/n P-4 21c 

a (Å) 45.107(5) 9.1946(9) 12.8507(4) 
b (Å) 22.640(2) 15.3698(13) 12.8507(4) 
c (Å) 23.805(3) 13.4637(12) 14.7557(10) 
(deg) 90 90 90 
(deg) 110.211(3) 97.066(3) 90 
(deg) 90 90 90 
V (Å3) 22813(4) 1888.2(3) 2436.8(2) 

Z 8 4 2 
Density (calc.) 

(Mg/m3) 
1.243 1.392 1.311 

µ (mm-1) 1.158 0.391 0.107 
F(000) 9192 832 1024 

Crystal size (mm3) 0.50 x 0.20 x 0.20 0.080 x 0.040 x 
0.010 

0.200 x 0.020 x 
0.020 

Theta range for 
data collection 

(deg) 

2.087 to 68.154 2.020 to 27.521 2.761 to 29.273 

Index ranges -54 ≤ h ≤ 50, 
0 ≤ k ≤ 26, 
0 ≤ l ≤ 28 

-11 ≤ h ≤ 11, 
-19 ≤ k ≤ 11, 
-17 ≤ l ≤ 17 

-11 ≤ h ≤ 17, 
-17 ≤ k ≤ 10, 
-19 ≤ l ≤ 20 

Reflections 
collected 

93425 16728 7037 

Independent 
reflections 

30367[R(int) = 
0.0566] 

4278[R(int) = 
0.0889] 

2741[R(int) = 
0.0482] 

Completeness to 
theta 

96.1 % 
68.154° 

98.7 % 
27.521° 

93.0% 
29.273° 

Absorption 
correction 

Multi-scan Multi-scan Multi-scan 

Max. and min. 
transmission 

0.75 and 0.51 0.74 and 0.67 1.00 and 0.59 

Refinement 
method 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Data / restraints / 
parameters 

30367/ 3441/ 1980 4278/ 318/ 480 2741/ 0/ 159 

Goodness-of-fit on 
F2 

1.039 1.013 1.012 

Final R indices 
[I>2sigma(I)] 

R1 = 0.0715, wR2 = 
0.1988 

R1 = 0.0519, wR2 = 
0.0914 

R1 = 0.0429, wR2 = 
0.0749 

R indices (all 
data) 

R1 = 0.0791, wR2 = 
0.2080 

R1 = 0.1175, wR2 = 
0.1131 

R1 = 0.0738, wR2 = 
0.0831 

Largest diff. peak 
and hole 

1.897 and -0.642 e.Å-
3 

0.420 and -0.342 
e.Å-3 

0.210 and -0.220  
e.Å-3 
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Table S3. Crystallographic Data 

 
 5 L2 2 

Formula C56H56MgN4O2 C48H40N4 C20H16N4Ni 
Formula weight 841.35 672.84 371.08 

T (K) 100(2) 100(2) 100(2) 
Wavelength (Å) 0.71073 0.71073 0.71073 
Crystal system Triclinic Orthorhombi

c 
Monoclinic 

Space group P-1 Pbca C2/c 
a (Å) 13.082(3) 11.858(2) 10.837(2) 
b (Å) 13.520(3) 7.4875(14) 15.072(3) 
c (Å) 14.564(3) 20.191(4) 20.492(4) 

(deg) 66.980(4) 90 90 
(deg) 85.856(4) 90 105.33 
(deg) 69.474(4) 90 90 

V (Å3) 2214.0(8) 1792.7(6) 3227.9(11) 
Z 2 2 8 

Density (calc.) 
(Mg/m3) 

1.262 1.246 1.527 

µ (mm-1) 0.089 0.073 1.212 
F(000) 896 712 1536 

Crystal size (mm3) 0.080 x 0.080 x 
0.060 

0.080 x 0.080 
x 0.060 

0.100 x 0.100 x 
0.040 

Theta range for data 
collection (deg) 

1.667 to 29.064 2.017 to 
26.429 

1.030 to 26.884 

Index ranges -17 ≤ h ≤ 17, 
-18 ≤ k ≤ 18, 
-19 ≤ l ≤ 19 

-14 ≤ h ≤ 14, 
-9 ≤ k ≤ 9, 

-25 ≤ l ≤ 25 

-13 ≤ h ≤ 13, 
-19 ≤ k ≤ 18, 
-25 ≤ l ≤ 25 

Reflections collected 33259 23556 46223 
Independent 
reflections 

11764[R(int) = 
0.0934] 

1841[R(int) = 
0.0936] 

3444[R(int) = 
0.0993] 

Completeness to theta 99.4 % 
29.064 ° 

99.9 % 
26.429 ° 

98.5 % 
26.884 ° 

Absorption correction Multi-scan Multi-scan Multi-scan 
Max. and min. 
transmission 

0.74 and 0.39 0.74 and 0.43 0.74 and 0.54 

Refinement method Full-matrix least-
squares on F2 

Full-matrix 
least-squares 

on F2 

Full-matrix least-
squares on F2 

Data / restraints / 
parameters 

11764/ 0/ 572 1841/ 0/ 119 3444/ 0/ 228 

Goodness-of-fit on F2 1.032 1.083 1.080 
Final R indices 
[I>2sigma(I)] 

R1 = 0.0753, wR2 
= 0.1857 

R1 = 0.0469, 
wR2 = 
0.1137 

R1 = 0.0715, wR2 
= 0.2199 

R indices (all data) R1 = 0.1247, wR2 
= 0.2191 

R1 = 0.0647, 
wR2 = 
0.1257 

R1 = 0.0874, wR2 
= 0.2347 

Largest diff. peak and 
hole 

0.535 and -0.366 
e.Å-3 

0.190 and -
0.286  
e.Å-3 

2.558 and -0.732 
e.Å-3 
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Table S4. Key Bond Lengths and angles 

 
Cpy-Cpy Bonds 3  

C5B-C6B 1.374(5) C25B-C26B 1.369(5) 
C15B-C16B 1.380(4) C35B-C36B 1.373(5) 
C5A-C6A 1.382(5)   

Mg-Mg Bonds 3  
Mg1A-Mg2A 2.9418(17) Mg1B-Mg4B 2.8332(18) 
Mg1B-Mg2B 2.8246(16) Mg2B-Mg3B 2.8288(18) 
Mg3B-Mg4B 2.8379(17)   

Mg-bipy-Mg angles 3  
Mg1B-Bipy-Mg2B 103.4(2) Mg4B-Bipy-Mg3B 103.5(2) 
Mg3B-Bipy-Mg4B 104.0(2) Mg2B-Bipy-Mg3B 102.9(2) 
Mg1A-Bipy-Mg2A 108.8 (2)   

Mg-Mg-Mg angles 3  
Mg4B-Mg1B-Mg2B 90.0(2) Mg2B-Mg3B-Mg4B 89.9(2) 
Mg1B-Mg2B-Mg3B 90.1(2) Mg3B-Mg4B-Mg1B 90.0(2) 

Cpy-Cpy Bonds 5 
C5-C6  1.443(3) C29-C30  1.442(3) 

Cpy-Cpy Bonds L2 
C1-C1  1.496(3)   

Cpy-Cpy Bonds 6 
C5-C6  1.490(4)   

Cpy-Cpy Bonds 2 
C5B-C6B  1.443(9) C1A-C1A  1.436(13) 

C10A-C10A  1.425(14)   
Cpy-Cpy Bonds (bipy)2Mg(THF)2 

C5-C6  1.422(3)   
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3.6.7 Computational Details 

The molecular models were computed without truncations or symmetry constraints. 

Calculations were run using the Gaussian 16 program, Revision B.01.21 Geometries 

were fully optimized (no imaginary frequencies) at the PBE0/6-31G+(d,p) level,22-25 

including the D3BJ empirical dispersion correction from Grimme26 and the IEFPCM27-

28 solvent model with the parameters for tetrahydrofuran (THF). All energies are given 

at 298.15 K. For the orbital pictures (made with ChemCraft version 1.8 build 610b),29 

the isovalue was set to 0.03 for all LUMO/HOMO/SOMO orbitals and to 0.004 for all 

spin densities. 

 

Dinuclear 3-Mg2 

 

Figure S28. ChemDraw drawing (left) and X-ray structure (right) of dinuclear 3-Mg2 

 

The dinuclear 3-Mg2 species is comprised of one bipy ligand, one chloride, two Mg 

atoms and six THF molecules. If neutral, this amounts to a total of 101 atoms and 363 

electrons and the system could a priori be doublet (one unpaired electron) or a quartet 

(three unpaired electrons). The complex was computed as a neutral species (doublet 

and quartet spin states), as a cation (singlet, assuming one electron was donated to 3-

Mg4) and as an anion (singlet, assuming one electron was accepted from 3-Mg4). The 

starting geometry was taken from the experimental X-ray structure. 
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Charge 
Spin 

state 

Mg-N-Mg angle 

(average) 

Mg-Mg 

distance (Å) 

C(py)-C(py) 

distance (Å) 

ΔG 

(kcal/mol) 

0 Doublet 83.8 2.90 1.39 0.0 

0 Quartet 83.7 2.91 1.43 13.8 

-1 Singlet 82.7 2.94 1.38 - 

+1 Singlet 83.2 2.95 1.38 - 

X-ray structure 83.1 2.94 1.38 - 

Table S5. Comparison of geometric parameters of the neutral (doublet/quartet), anionic 

and cationic 3-Mg2. 

 

Table S5 shows that in terms of geometry, both charged forms of 3-Mg2 have a Mg-Mg 

distance that is closer to the X-ray structure (2.94 Å, Table S4) than the computed 

neutral form. 

 

Tetranuclear 3-Mg4 

 

 

Figure S29. ChemDraw drawing (left) and X-ray structure (right) of the tetranuclear 3-

Mg4  

 

The full 3-Mg4 structure was selected for computations, consisting of four bipy ligands, 

four Mg atoms, and four THF molecules. If neutral, this amounts to a total of 136 atoms 

and 536 electrons. Depending on the orbital distribution of the electrons, the system 

could be singlet (no unpaired electrons) or triplet (two unpaired electrons). The quintet 

(four unpaired electrons) and higher states were not considered in our calculations. 

Similarly to the dinuclear 3-Mg4, the anionic and cationic 3-Mg4 were also computed 

(using the X-ray structure as starting geometry) and compared to the neutral one. 
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Charge Multiplicity 
Mg-Mg 

(Å) 

C(py)-C(py) 

(Å) 

dG 

(kcal/mol) 

0 Singlet 3.04 1.38 0.0 

0 Triplet 2.83 1.39 +12.5 

-1 Doublet 2.82 1.38 - 

+1 Doublet 3.05 1.39 - 

X-ray structure 2.83 1.37 - 

Table S6. Comparison between the neutral (singlet state), anionic and cationic 3-Mg4 

 

There is a clear difference in Mg-Mg distance between the cationic and anionic forms 

of 3-Mg4. In the crystal structure, that distance is around 2.83 Å (Table S4), which is 

closer to the anion than the cation or neutral species.  

 

In order to establish the preferred oxidation states of the 3-Mg2 and 3-Mg4 fragments, 

the Gibbs free energies were analyzed at the PBE0-D3BJ/6-31+G(d,p) level as follows: 

 

[3 − 𝑀𝑔2]0 + [3 − 𝑀𝑔4]0 → [3 − 𝑀𝑔2]+ + [3 − 𝑀𝑔4]−           ∆𝐺

= −11.7 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

[3 − 𝑀𝑔2]0 + [3 − 𝑀𝑔4]0 → [3 − 𝑀𝑔2]− + [3 − 𝑀𝑔4]+           ∆𝐺

= +67.1 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

 

These energies support that the 3-Mg2/3-Mg4 system most likely is an ion pair where 

3-Mg2 is the cation and 3-Mg4 is the anion. 

 

Bipy ligand 

 

Given the propensity for the bipy ligand to act as a neutral, anionic (-1) or dianionic (-

2) species depending on the system,30-33 we analyzed the bipy ligands in both Mg 

clusters to determine their nature. The free bipy ligand was first computed separately 

with different oxidation states and then compared to the computed and experimental 

bipy ligand in the clusters.  
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Species Charge C(py)-

C(py) 

Bipy 0 1.49 

-1 1.44 

-2 1.39 

[3-Mg2]
+ 

(computed) 

+1 1.38 

[3-Mg4]
- 

(computed) 

-1 1.38 

[3-Mg2] (X-ray) 1.38 

[3-Mg4] (X-ray) 1.37 

Table S7. Calculated C(py)-C(py) distances in the isolated bipy ligand (neutral, anionic 

and dianionic) and the optimized [3-Mg2]
+ and [3-Mg4]

- structures, as well as the crystal 

structure. For [3-Mg4]
- and the X-ray [3-Mg4], the average C(py)-C(py) distance is 

reported. 

 

The C(py)-C(py) distance varies significantly depending on the charge of the bipy, as 

shown in Table S7. The calculated C(py)-C(py) distances in [3-Mg2]
+ and [3-Mg4]

- 

correlate well with the value for the free dianionic bipy, as well as the distance measured 

in the X-ray structure. This is consistent with an assignment where all Mg atoms in 3-

Mg2 and 3-Mg4 are Mg(II). 
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Orbital analysis of 3-Mg2 and 3-Mg4 

For [3-Mg2]
+, the HOMO and LUMO orbitals are nr. 181 and 182 respectively. The 

HOMO is localized on both sides of the bipy ligand, and so is the LUMO. 

          

 

Figure S30. HOMO (left) and LUMO (right) of [3-Mg2]
+ 

 

For [3-Mg4]
-, the HOMO and LUMO were determined to be orbitals 269 and 270, 

respectively. Interestingly, the SOMO of [3-Mg4]
- is not the HOMO, but rather the α-

HOMO-4 orbital. The α-HOMO-4 is localized in the middle of the square created by 

the four Mg atoms, in agreement with the assignment of the electride electron to this 

orbital. The same SOMO orbital was observed with other DFT functionals (ωB97XD, 

BP86), which supports that this result is not an artifact. The SOMO-HOMO inversion 

indicates that [3-Mg4]
- does not follow the Aufbau principle, however, we note that the 

electride electron is supposed to be free (not bound by an atom or molecule) and hence 

it should not enter into the molecular orbitals of 3-Mg4. Therefore, one may view [3-

Mg4]
- as two species, a neutral [3-Mg4] part (which follows the Aufbau principle) and 

a free electron.  
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Figure S31. HOMO (top left), LUMO (top right) and SOMO (bottom) of [3-Mg4]
-.  

 

 

Figure S32. Spin density of [3-Mg4]
-.  

 

Structure 5 

 

The structure was optimized with the same computational protocol used for [3-Mg2]
+ 

and [3-Mg4]
-, in the closed-shell singlet (S = 0) and triplet (S = 1) state. The triplet is 

13.7 kcal/mol more stable than the closed-shell singlet, indicating that 5 is a biradical. 
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Orbital analysis of the triplet system shows that the HOMO and LUMO orbitals are nr. 

205 and 206, respectively. Similarly to [3-Mg2]
+, the HOMO is located on the bipy 

ligands. 

 

   

 

Figure S33. SOMO (orbital 204 top left, 205 top right) and LUMO (bottom) of 

structure 5 (triplet state) 

 

The two SOMOs for this structure are orbitals 204 and 205, which follows the Aufbau 

principle. Both SOMOs have the same shape, but the main difference between the two 

is the inversion of phase on one of the bipy ligands. 

Considering that the two spin sites in 5 are far away from each other (with one unpaired 

electron on each anionic bipy ligand), we also evaluated if the structure could be an 

open-shell singlet rather than a triplet. A broken symmetry singlet calculation was run 

using the triplet state geometry and wavefunction as starting guess, and the resulting 

optimized (MS = 0) structure was only 0.7 kcal/mol higher in energy than the triplet (S 

= 1) structure. Analysis of the spin density shows that in the triplet state, each bipy 

ligand holds one α-spin, whereas in the broken symmetry singlet, one bipy has an α-

spin and the other one has a β-spin (see Figure S34 below). 
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Figure S34. Comparison between the spin densities of structure 5 in the triplet state 

(left, S = 1) and in the broken symmetry singlet state (right, MS = 0). 

 

Given the small differences in energy between the triplet and the broken symmetry 

singlet state of 5, it can be expected that both spin states would be thermally populated, 

which could make 5 a spin-crossover complex. 

 

QTAIM analysis of [3-Mg4] 

 

The wave function of the molecules was extracted from the formatted checkpoint files 

of the PBE0/6-31G+(d,p) computations and was further analyzed within the framework 

of the quantum theory of atoms in molecules, QTAIM,34 by AIMAll suite of programs.35 

The electron density, Laplacian of the electron density, and interatomic (zero-flux) 

surfaces were plotted by AIMStudio module, Figures S35, S36, and S37. The bonding 

between the Mg atoms in [3-Mg4]
- was examined by checking the electron 

delocalization index within the framework of QTAIM. The delocalization index values 

were found to be less than 0.01 au that is not even characteristic of a noncovalent 

interaction. 

To assess aromatic/antiaromatic character of the bipyridine dianion, [3-Mg2]
+ was 

selected and GIAO-NMR36 computations at the PBE0/6-31G+(d,p) level were 

performed. The ring current intensity was measured as the integral of the current density 

passing through the interatomic surfaces between adjacent carbon atoms of the 

bipyridine ligands. The current density was assessed to be -2.6 nA.T‒, which is 

characteristic of a weakly antiaromatic system.  
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Figure S35. The spin density plots at 0.05 au isosurface.  
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Figure S36. The 3D-isosurface of the Laplacian of the electron density at -0.005 au 

value from two directions. The central electron concentration corresponding to the 

electride electron is evident in both figures.  
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Figure S37. The atomic basin of the NNA enclosed in the interatomic zeroflux surfaces 

from different angles.  
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4.1 General Introduction 

4.1.1 Importance of Studying Electron Transfer 

In recent years there has been an explosion of preparative methodologies in nickel 

catalysis with innovative solutions discovered to forge carbon-carbon and carbon-

heteroatom bonds. The ability of nickel complexes to shuttle between odd and even 

oxidation states allows for classical two-electron processes, single electron processes 

or a powerful merger of the two.1-5 While synthetic chemists have made significant 

advances into developing new bond forming reactions and increasing the chemical 

space accessible via nickel catalysis, a rational understanding of these catalytic systems 

lags behind, thus hampering further innovation in the field. Particularly problematic is 

that even general, fundamental steps within these catalytic reactions are often poorly 

defined (Figure 4.1). Among the least understood of these reactions are electron transfer 

events between nickel species such as comproportionation, disproportionation or 

reduction events. Nearly all nickel-catalyzed reactions are proposed to undergo redox 

changes and hence these electron transfer events are regularly encountered in catalysis. 

 

Figure 4.1. Implications of catalytic commitment on the rate of reaction and how 

electron transfer dictates catalyst speciation. 
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The insufficient knowledge regarding the intrinsic reactivity of on-cycle or off-

cycle species can result in arduous screening efforts for successful reaction 

development as additives beneficial or poisonous to productive catalysis are 

challenging to differentiate. With increasing evidence of catalyst turnover or 

deactivation being dependent on the oxidation state of nickel,6-10 the ability to select for 

the desired oxidation state is critical to achieve productive catalysis. Investigations by 

our group have disclosed that phosphine ligated Ni-catalyzed C-O cleavage reactions 

follow a Ni(II)/Ni(0) cycle, with generation of off-cycle Ni(I) species restricting 

catalysis.11-12 On the other hand, the formation of Ni(I) complexes were essential to 

carboxylation with polypyridine ligated nickel alkyl species.13 Other groups have 

likewise reported on the importance of forming the appropriate Ni(0), Ni(I), Ni(II), or 

Ni(III) species in catalysis.6-10,14-18 These studies make it clear that understanding how 

oxidation states are interconverted (i.e. comproportionation, disproportionation, and 

reduction events) is critical to maintaining nickel complexes as the desired on-cycle 

intermediates and preventing the formation of off-cycle species. Catalytic reactions 

with poor control over the speciation would necessitate high catalyst loadings to counter 

slow reaction rates as an insufficient portion of the precatalyst is committed to on-cycle 

species.  

4.1.2 Past studies into disproportionation and comproportionation 

Studies into ancillary ligand effects on disproportionation and comproportionation 

reactions date back to the 1960’s in which Ni(II)-halides and Ni(0) complexes ligated 

by triphenylphosphine ligands were shown to react by comproportionation to form Ni(I) 

complexes (Figure 4.2).19 Interestingly, the reverse disproportionation reaction could 

be triggered by the addition of -accepting phosphite ligands which has since been 

corroborated by others and it has been proposed that the driving force behind 

disproportionation is the ability of -accepting ligands to stabilize the resultant Ni(0) 

complex.20-23  
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Figure 4.2. Ancillary ligand effect on the outcome of comproportionation or 

disproportionation. 

Similar studies with nickel-halide complexes have since been extended to a range 

of ligands in which comproportionation between Ni(0) and Ni(II) halides generally 

occurs (Figure 4.3).8,19-20,22,24-25 While polypyridine ligated Ni complexes have been 

routinely employed in Ni catalysis due to their facile merger in redox catalysis, and 

their unique reactivity profile; studies into their reactivity in comproportionation and 

disproportionation reactions remain relatively poorly defined which we aimed to study 

in more detail.26-27  

 

Figure 4.3. General trend for Ni(II)-halide complexes to react by comproportionation 

with Ni(0). 
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4.2 General Aim of this Project 

In this chapter, we aim to understand factors responsible for key elementary steps 

of electron transfer in disproportionation, comproportionation and reduction events 

(Scheme 4.1). Representative examples of pseudohalide and halide ligated Ni(II) 

complexes are studied in which a change in anionic ligand results in significantly 

different reactivity towards electron transfer. While Ni(II)-halides react by 

comproportionation with Ni(0) complexes to form Ni(I) species, we identify that Ni(II)-

pseudohalides are unreactive with Ni(0) and the corresponding Ni(I)-pseudohalides 

react by disproportionation. Furthermore, in stochiometric studies, we find commonly 

used metal reductants such as Zn or Mn are unable to reduce Ni(II)-pseudohalides to 

catalytically active Ni(I) or Ni(0) complexes. Factors responsible for disproportionation 

or comproportionation are further investigated electrochemically. The implications of 

these findings are studied under catalytic conditions which support that the formation 

of off-cycle pseudohalide complexes are inactive in catalysis but can be reactivated by 

inorganic salts. Together, these results provide rationalizations to previously overlooked 

and fundamental catalytic steps which will act a blueprint for the development of future 

nickel-catalyzed reactions. 

 

Scheme 4.1. General comproportionation/ disproportionation reaction being studied 

and the ambiguity surrounding catalytic activity. 
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4.3 Elucidating Electron Transfer Events for Polypyridine 

Ligated Nickel Complexes 

4.3.1 Synthesis and Characterization of Ni(II) Complexes 

At the onset of this investigation, we synthesized model nickel(II) complexes in 

order to investigate their reactivity in electron transfer. With the synthesis of bipyridine 

and phenanthroline ligated nickel complexes (L)NiCl2 (2,2´-bipyridine = L1, 1,10-

phenanthroline = L2), however, we encountered issues of insolubility in conventional 

organic solvents (Figure 4.4). There was also a tendency to form a mixture of higher 

order ligated nickel complexes of type (L)nNiCl2 (n = 0,1,2,3) or nickelate species such 

as [(L1)3Ni][NiCl4].
28 Such complicated speciation would make definitive 

experimental interpretation difficult29 and therefore we looked to simplify the mono-, 

bis-, and tris-ligated Ni mixture with L1 or L2 to a single species. This was achieved 

by substituting the positions adjacent to the nitrogen atom of the 1,10-phenanthroline 

backbone with neocuproine (L3). However, (L3)NiCl2 still suffered from poor 

solubility (Figure 4.4). Modifying the backbone with additional phenyl groups 

(bathrocuproine, L4), resulted in a complex (L4)NiCl2 with well-defined speciation and 

improved solubility. The structure of this complex was verified by single crystal XRD 

of the analogous (L4)NiBr2.Reacting (L4)NiCl2 with additional L4 resulted in no 

change in the paramagnetic 1H NMR or UV-VIS spectra, providing evidence for 

(L4)NiCl2 existing as a single species. These 2,9-disubstituted 1,10-phenanthroline 

ligands (phen*) have found wide application in nickel-catalyzed reactions and are 

among the state-of-the-art in reductive coupling reactions, being employed in 

carboxylation, amidation, chain-walking, thiolation, and alkylation reactions, among 

others.30-37 
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Figure 4.4. (a) Solubility of polypyridine ligated Ni(II) dichloride complexes in THF 

(b) the influence of ligand substitution of complex speciation.  

Mechanistic studies of polypyridine bound Ni complexes are notoriously 

challenging due to the possibility of one electron or two electron pathways, the 

paramagnetism of many Ni(II) and Ni(I) complexes and the fact that Ni(II) complexes 

are X-band EPR silent. Nevertheless, there have been many important contributions to 

elucidate their reactivity. Surveying the literature of polypyridine ligated nickel halide 

complexes (L)NiIIX2 reacting in electron transfer reactions, they have been 

demonstrated to form Ni(I) or Ni(0) complexes by reduction (Figure 4.5).10,13,27,38-42 

Examples include: the direct reduction of (dtbbpy)NiCl2 (Ep Ni(II/0) = -0.86 V vs SCE) 

to (dtbbpy)Ni(COD) with metallic Zn;40 the reduction of (phen*)NiBr2 (Ep(NiII/NiI) = 

-0.69 vs SHE) to (phen*)NiIBr with Zn;39 comproportionation between dtbbpy ligated 

Ni(II) and Ni(0) complexes to form [(dttbpy)NiCl]2;
38,41 and the comproportionation 

between (phen*)NiX2 (X = Cl or Br) and (phen*)Ni(COD) to form [(phen*)2NiI]X or 

(phen*)NiIX (X = Cl or Br).13  
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Figure 4.5. Stochiometric reduction of Ni(II)-polypyridine complexes and 

comproportionation reactions between Ni(II)-dihalide and Ni(0) complexes.  

Undoubtedly, these reports provide invaluable information for reaction 

development as (L)Ni-halide complexes are commonly employed as precatalysts or 

proposed as intermediates in catalytic cross-coupling reactions. Conversely, a current 

lack of empirical evidence surrounding disproportionation reactions still remains, along 

with an incomplete understanding of electron transfer reactions and how 

disproportionation, comproportionation and reduction events are interconnected. 

Further ambiguity exists whether Ni-pseudohalides share the same reactivity trends 

with Ni-halide complexes. The involvement of Ni-pseudohalides in catalytic 

transformations such as Ni-phenoxide or Ni-carboxylate complexes cannot be 

understated as these species are readily formed when inorganic bases such as 

phenoxides or carboxylates are used or generated as on-cycle species such as in 

carboxylation reactions. This lack of clarity limits the full potential of nickel-catalyzed 
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reactions to maintain the desired on-cycle intermediates and prevent the formation of 

off-cycle complexes.  

With the intention to investigate the electron transfer from Ni(II) to Ni(I) more 

generally, a representative set of (L4)NiIIX2 complexes were synthesized with 

systematic variation of the anionic (X) ligands. As previously discussed, using 

inorganic bases encountered in cross-coupling reactions such as sodium phenoxide or 

potassium pivalate, structurally varied nickel complexes 3a-3c could be synthesized as 

(L4)NiX2 (Figure 4.6. path i-iii, 3a-3c, X = -OCOtBu, -OCOPh, -OPh). Interestingly, 

attempts at accesses Ni-alkoxide complexes by reacting LiOtBu with (L4)NiCl2 saw 

formation of LiOtBu Ni-clusters in [NiLi3Cl2(O
tBu)3]2•4THF with loss of L4.  

 

Figure 4.6. Synthesis of bathrocuproine, L4 ligated Ni(II)-pseudohalides and 

alternative complexes formed.  
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4.3.2 Studying Comproportionation of Ni(II) Complexes 

With these complexes in hand, we then evaluated their reactivity towards electron 

transfer. As expected, comproportionation between Ni(II) halides 3-Cl and 3-Br 

(L4)NiIIX2 (X = Cl, Br) and (L4)2Ni0 (5a) rapidly formed Ni(I) complexes 4a-Cl and 

4a-Br [(L4)2NiI]X (X = Cl, Br). Kinetic analysis by UV-Vis occurred within seconds 

consistent with rapid electron transfer where Ni(0) acts as a reductant and Ni(II) as an 

oxidant to form a stable Ni(I) species. Next, we extended this study to the reaction 

between Ni(0) and the corresponding Ni(II)-phenoxide, 3b (X = OPh) or Ni(II)-

carboxylate complexes 3a and 3c (X = OCOPh and OCOtBu). Intriguingly, none of 

these Ni(II) complexes underwent reaction with Ni(0) 5a as judged EPR and 

paramagnetic 1H NMR with no signal observed for Ni(I) species generated and isolation 

of starting materials 3a-3c (Figure 4.7). To validate these results were not specific to 

L4, the L3 analogue (L3)Ni(OCOtBu)2 3d was prepared and characterized by single 

crystal XRD. Consistent with the previous results, when 3d was treated with (L3)2Ni0 

(5b), no reaction was observed.  

 

Figure 4.7. Disproportionation and comproportionation reactions with Ni(II)-halide 

and Ni(II)-pseudohalide complexes 

 

UNIVERSITAT ROVIRA I VIRGILI 
UNDERSTANDING NICKEL CATALYSIS AT THE MOLECULAR LEVEL: INSIGHTS INTO C-O FUNCTIONALIZATION AND 
ELECTRON TRANSFER EVENTS 
Craig Day



 

 
 213 

 

4.3.3 Studying Disproportionation of Ni(I) Complexes 

Considering that the reactions between Ni(0) and Ni(II) complexes are electron 

transfer events, we assumed they are under thermodynamic control. Therefore, if 

comproportionation between Ni(0) and Ni(II) does not occur, we believed that this 

indirectly supports that disproportionation of Ni(I) to Ni(0) and Ni(II) should occur 

spontaneously. Probing the viability of this hypothesis, [(L4)2Ni]Cl (4a-Cl) was reacted 

with potassium pivalate to generate a Ni(I)-carboxylate (L4)NiI(OCOtBu) in situ. 

Monitoring this reaction, we were unable to detect the transiently formed Ni(I)-

carboxylate by EPR and only the products of disproportionation (L4)Ni(OCOtBu)2 and 

(L4)2Ni0 were generated, with (L4)2Ni0 formed in a quantitative yield (Figure 4.8). 

These findings are consistent with our proposal that Ni(I)-carboxylate complexes are 

unstable and react spontaneously by disproportionation. The same outcome occurred 

using potassium benzoate or sodium phenoxide, forming (L4)2Ni0 in 68 % and 97 % 

yields respectively along with the respective Ni(II) complex (3b or 3c). Modifying the 

solvent to one with a higher dielectric constant such as MeCN (ε = 37.5) did not change 

the reaction outcome. We further extended the findings to L3 with the reaction of 

[(L3)2Ni]Cl 4b-Cl with potassium pivalate which formed (L3)Ni(OCOtBu)2 3d and 

(L3)2Ni0 in 96 % yield. 

 
Figure 4.8. Studying disproportionation via in-situ generation of a Ni(I)-carboxylate 

complex by anion exchange.  
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4.3.4 Electrochemical Investigations of Ni(II) complexes 

Having identified a model reaction with divergent reactivity imparted simply by 

changing the anionic ligand, we further studied the electron transfer events by 

comparing the cyclic voltammograms (CVs) of Ni(II)-halide complexes to the Ni(II)-

carboxylate complex (Figure 4.9). The CVs of Ni(II)-halide complexes (L4)NiIICl2 and 

(L4)NiIIBr2 resulted in separated redox potentials between Ni(II)/Ni(I) (Cl = -0.86 V, 

Br = -0.71 V vs SCE) and Ni(I)/Ni(0) (Cl = -1.24 V, Br = -1.10 V vs SCE) oxidation 

states in MeCN. The separation of redox potentials and oxidation states is consistent 

with the ability to generate a stable Ni(I) oxidation state and that electron transfer and 

comproportionation between (L4)NiIIX2 and (L4)2Ni. A striking distinction in the CV 

of Ni(II)-carboxylate (L4)NiII(OCOtBu)2 was observed where only two electron redox 

events occur, in which Ni(II) is directly reduced to Ni(0) (Ep = -1.55 V vs SCE, MeCN). 

The lack of a stable Ni(I) oxidation state is consistent with the previous stochiometric 

reactions, either between [(L4)2Ni]Cl with KOCOtBu to disproportionate into Ni(II) 

and Ni(0) or no comproportionation observed between (L4)2Ni and (L4)Ni(OCOtBu)2. 

 
Figure 4.9. Comparison of cyclic voltammograms of Ni(II)-halide and Ni(II)-

pseudohalide complexes. 
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commonly used metallic reductants in cross-electrophile coupling reactions, we sought 
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to clarify their ability to engage in reduction with these complexes. Performing the CVs 

of ZnCl2 (Ep = -1.57 V vs SCE, MeCN) and MnCl2 (Ep = -1.77 V vs SCE, MeCN) it 

appeared that these reductants would be competent to undergo sequential reduction with 

(L4)Ni(II)-halides to first form Ni(I) complexes and then Ni(0). However, it was 

unclear if (L4)Ni(OCOtBu)2 would be reduced due to the similar Ep values with Mn 

and Zn (Figure 4.10).  

 

Figure 4.10. Tabulated redox potentials for Ni(II) complexes, Zn and Mn. 

4.3.4 Stochiometric Reduction of Ni(II) Complexes 

Investigating this hypothesis, the stochiometric reduction of (L4)NiBr2 was first 

performed with 2.5 additional equivalents of L4 to stabilize low-coordinate Ni species 

generated and bind Zn or Mn salts formed post reduction. By analysis of the reaction 

mixture after 1 h, we identified the formation of (L4)2Ni0 in 76 and 77 % yields with 

Zn and Mn respectively (Figure 4.11). On the other hand, repeating the reaction but 

using (L4)Ni(OCOtBu)2 complex 3a instead, no reaction was observed even after 24 h 

and 3a was recovered. As reduction of Ni(II) to Ni(I) or Ni(0) complexes is a key step 

in many nickel-catalyzed reductive coupling reactions, we aimed to identify pathways 

to reduce 3a to Ni(0) that would be applicable to common catalytic conditions. We 

hypothesized that the addition of inorganic salts such as LiBr or ZnBr2 would generate 

in situ (L4)NiBr2 from (L4)Ni(OCOtBu)2 3a which we validated by the stochiometric 

reaction between 3a and LiBr. Indeed, repeating the reduction of 3a with Zn with 

additional LiBr forms (L4)2Ni0 in 80 % yield after 1 h.  
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Figure 4.11. Reaction of Ni(II)-halide and pseudohalide complexes with reductants Zn 

and Mn. 

These results highlight the importance of inorganic salts in aiding in reduction 

events when Ni(II)-pseudohalide complexes are formed during catalysis, either from 

on-cycle pathways such as in carboxylation reactions or when inorganic bases are 

present. As we had previously demonstrated rapid oxidation of PCy3 ligated Ni(0) 

complexes to Ni(I) occurs with Zn(II),11 we studied this heterobimetallic electron 

transfer of (L4)2Ni0 and Zn(II) or Mn(II) salts. In contrast to our previous findings, 

oxidation of (L4)2Ni0 was not observed in either case and ligand sequestering by Zn(II) 

was observed to form (L4)ZnCl2 as the major side reaction. This alternative reactivity 

likely originates from L4 acting as a less -donating ligand than PCy3 and therefore the 

resultant Ni(0) complex is a weaker reductant.  

4.3.5 Implication of Ni Speciation on Reductive Cross-Coupling 

Reactions 

Through interrogating the fundamental reactivity of Ni-polypyridine complexes, 

we have identified new information about their reactivity in electron transfer which we 

believed to be directly relevant to nickel-catalyzed cross-coupling reactions. Most 

apparent was the possibility that pseudohalide bases that are employed in cross-

coupling reactions may be influencing catalyst speciation and acting as a poison in 

reductive cross-coupling reactions by both inhibiting reduction from Ni(II) and 

preventing formation of Ni(I) species by disproportionation reactions. As such, we 

investigated model reactions using L4 in reductive cross-coupling reactions or reactions 

that propose Ni(I) as a key oxidation state. The deleterious effect of pseudohalide bases 

on reductive coupling reactions was clear by addition of potassium pivalate while 
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monitoring the cross electrophile coupling of alkyl bromides and aryl bromides using 

L4, NiI2, and Zn reported by Yin to access 1,1-diarylalkanes.33 Addition of potassium 

pivalate at 1 h (Figure 4.12, teal trace) resulted in a significant reduction in both reaction 

rate and final yield when compared to the standard reaction (Figure 4.12, blue trace). 

Consistent with the retarded reaction rate during catalysis originating from the 

formation of inactive (L4)Ni(OCOtBu)2 complexes was MALDI-MS analysis of an 

aliquot from the reaction at 2 h which identified m/z fragments of (L4)Ni(OCOtBu)2 

3a. The inability of 3a to enter the catalytic cycle by direct reduction and the role of 

inorganic halide salts to transform 3a into catalytically active Ni(II)-halide complexes 

was also clearly demonstrated by using 3a as a precatalyst and omitting inorganic halide 

source nBu4NBr. Monitoring of the reaction observed no product until nBu4NBr was 

added after 1.5 h and catalyst activity was restored, all be it at a slower rate than the 

standard reaction due to the presence of pivalate anions (Figure 4.12, grey trace). 
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Figure 4.12. Monitoring the reductive cross electrophile coupling of alkyl and aryl 

bromides under: (i) the standard conditions, (ii) adding 0.4 equivalents of KOPiv at 1 h 

and (iii) using 3a as a precatalyst and adding 1.0 equivalents of TBAB at 1.5 h.  

Extending our investigation to reactions where Ni-pseudohalides are generated as 

on-cycle intermediates were studies into the reductive carboxylation reaction of allylic 

alcohols developed by our group.35 Again L4 was employed in combination with NiBr2, 

Zn and MgCl2 under CO2 atmosphere to form the linear allylic carboxylic acid 8 (Figure 
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4.13). Consistent with inorganic halides being beneficial to catalysis by assisting in 

reduction via anionic ligand exchange of Ni-pseudohalides was the observation that 

removal of MgCl2 from the standard reaction conditions resulted in a significant loss in 

yield to 15 %. The minor quantities of 8 formed can likely be attributed to a subtle 

feature of using nickel halide salts as precatalysts like NiBr2. Upon reduction of NiBr2 

to Ni(0), catalytic quantities of ZnBr2 are generated which would promote anion 

exchange of on-cycle species and regenerate (L4)NiBr2 from (L4)Ni-pseudohalides to 

turnover of the catalytic reaction. This hypothesis was supported by experiments using 

Ni(COD)2 as precatalyst in place of NiBr2 and omitting halide sources (ZnBr2 or MgCl2) 

in which no product was observed. 

 

Figure 4.13. Carboxylation of allylic alcohol under varied reaction conditions. 

Control experiments using Ni(COD)2 confirmed its competence as a precatalyst 

when MgCl2 was present which resulted in a 61 % yield (vs 64 % using NiBr2). 

Consistent with our studies of the reductive arylation (Figure 4.12), the addition of 

substoichiometric quantities of potassium pivalate while omitting MgCl2 resulted in a 

further decrease in yield from 15 % to 9 % and the use of preformed complex 

(L4)Ni(OCOtBu)2 without MgCl2 resulted in a 0 % yield. Similar detrimental effects 

were also observed in migratory hydrothiolation reactions of alkenes which propose 

Ni(I) species to be central to the reaction outcome (Figure 4.14).37 
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Figure 4.14. Migratory hydrothiolation of alkenes. Impact of forming pseudohalide Ni 

species on the reaction outcome.  
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4.4 Conclusions 

Together, these findings provide a greater understanding of electron transfer events 

and the factors contributing to comproportionation, disproportionation, and reduction 

of polypyridine ligated Ni species. We demonstrate that a change in anionic ligand from 

Ni-halides to Ni-pseudohalides has a significant effect on nickel speciation in which 

Ni-halides adopt stable Ni(0), Ni(I), and Ni(II) oxidation states and react in 

comproportionation reactions while Ni-pseudohalides are only stable as Ni(0) and Ni(II) 

complexes and react via disproportionation. This divergent reactivity provided an 

opportunity to investigate factors that influence comproportionation and 

disproportionation which were studied both experimentally and theoretically. 

Furthermore, modification of the anionic ligand to pseudohalides results in significantly 

harder to reduce complexes which do not undergo reduction with metallic reductants 

such as Zn or Mn. The impact of these findings were extended to studies of catalytic 

reductive coupling reactions where psuedohalide bases act as poisons as a result of 

generating off-cycle Ni-psuedohalide species, while reactions that generate Ni-

pseudohalide species on-cycle necessitate inorganic halides to regenerate catalytically 

active Ni-halide complexes. These findings also support a modification of traditionally 

accepted reaction mechanisms such as in the carboxylation of alkyl halides where 

reduction of Ni(I)-carboxylates are proposed as a key step. Evidence provided within 

this work provides an alternative to this catalytic cycle by rapid disproportionation of 

the Ni(I)-carboxylate to form a Ni(II)-carboxylate and Ni(0), where the Ni(II)-

carboxylate must undergo anion exchange by inorganic salts to re-enter the catalytic 

cycle. This in-depth understanding of electron transfer now provides increased control 

over on-cycle and off-cycle species and we believe will assist in the development of 

mechanistic understanding and novel preparative methodologies. 

Future work into the studying the effect of anion ligands and redox active ancillary 

ligands on the outcome of comproportionation or disproportionation are needed to 

validate the generality of these conclusions and inform the general choice of ligand and 

additives on promoting or disfavoring these reactions. Considering the generally poorly 

defined nature of comproportionation and disproportionation reactions, revisiting redox 

innocent ligands and studying these reactions in more detail (for example in structure-

activity relationships), either in the presence of -acidic ligands or without these ligands 

will also provide important information about what governs these reactions. Similar 
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studies can be extended to other first row transition metal complexes (i.e Co, Fe) to 

identify trends in the propensity of each transition-metal to undergo these reactions. 
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4.6 Experimental Section 

4.6.1 General Considerations 

Solvents. Reactions were carried out under N2 in a glovebox or on a Schlenk line, in 

solvents (THF, Et2O, toluene) that had been dried and degassed using an Innovative 

Technologies solvent purification system, then stored under N2 over 4 Å molecular 

sieves for at least 16 h prior to use. Pentane was degassed by bubbling with N2 and 

stored under N2 over 4 Å molecular sieves for at least 16 h prior to use. C6D6, C7D8, 

THF-d8, (Eurisotop) were freeze/pump/thaw degassed (4x) and likewise stored under 

N2 over 4 Å molecular sieves for at least 16 h prior to use. 

 

Reagents. Neocuproine and bathocuproine were purchased from Fluorochem. Zinc 

dichloride (ZnCl2), and sodium phenoxide, lithium tert-butoxide, and manganese 

dichloride were purchased from Sigma-Aldrich. Potassium benzoate was purchased 

from Thermo Fisher. ZnBr2 and potassium pivalate (KOPiv) were purchased from Alfa 

Aesar. [Ni(COD)2] was purchased from Strem Chemicals. Trimethoxylbenzene (TMB) 

was purchased from TCI Chemicals. Salts ZnBr2, ZnCl2, and KOPiv were dried at 150 

oC under high vacuum overnight. Complexes (bipy)NiCl2,
1  (phen)NiCl2,

1 

(neocuproine)NiCl2,
2 (bathocuproine)NiCl2,

2 (neocuprooine)2Ni,2 and 

(bathocuproine)2Ni,2 were synthesized according to literature procedures.  

 

Analytical methods. Flash chromatography was performed with Sigma Aldrich 

technical grade silica gel 60 (230-400 mesh). Thin layer chromatography was carried 

out using Merck TLC Silica gel 60 F254. NMR spectra were recorded on Bruker 

Avance Ultrashield 300, 400, or 500 MHz spectrometers, with chemical shifts reported 

in parts per million (ppm) and coupling constants, J, reported in hertz. Quantitative 

NMR experiments were performed with d1 set to 10s (1H). Gas chromatographic 

analyses were performed on an Agilent 6890N gas chromatograph with an FID detector. 

Continuous wave (CW) X-band EPR spectra were obtained using a Bruker EMX Micro 

X-band spectrometer using a Bruker ER 1164 HS resonator. Spectra were simulated 

using SpinFit within Xenon. The samples were cooled to 77 K in a Suprasil finger dewar 

(Wilmad-LabGlass) filled with liquid nitrogen. The spectral data were collected with 

the following spectrometer settings: microwave power = 0.56mW; centre field = 3250 
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G, sweep width = 2500 G, sweep time = 35.07 s, modulation frequency = 100 KHz, 

modulation amplitude = 10 G, power attenuation= 25 dB, time constant = 20.48 ms. 

Simulations, g values, and frequencies are provided alongside the characterization data 

of the complexes. IR spectra were obtained with a Bruker FT-IR Alpha spectrometer. 

MALDI-TOF mass spectra were collected on a Bruker Autoflex MALDI-TOF mass 

spectrometer. Samples were prepared by the dried-droplet protocol, from solutions 

containing the charge-transfer matrix pyrene or DCTB in THF.   
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4.6.2 Synthesis and Characterization of Complexes 

Synthesis of (L4)Ni(OCOtBu)2  

 

 
 

In the glovebox, (L4)NiCl2 (224 mg, 0.46 mmol) was added to a 12 mL vial with 

potassium pivalate (206 mg, 1.66 mmol). A stir bar was added, and the vial was charged 

with 6 mL of toluene turning the pink powder to a pink suspension and let stir overnight. 

After 16 hours the green solution was filtered through a celite plug with salt being 

filtered off and a green solution collected. The solvent was then removed to afford a 

green solid and washed with pentane (1 mL x 3) to give (L4)Ni(OCOtBu)2 (199 mg, 

70 % yield) as a green powder.  

Stability: Stable in air 

1H NMR (1H NMR (400 MHz, C6D6) δ 49.57, 20.78, -9.05. 13C NMR, no signals are 

observed due to paramagnetism of (L4)Ni(OCOtBu)2.  

X-Band EPR = EPR Silent 

UV-VIS (nm) = 685 nm  

Key IR Stretches = 1619 cm-1 (weak), 1527 cm-1 (strong)  

EA Calcd. C, 69.58; H, 6.16; N, 4.51; Found: C, 69.34; H, 6.14; N, 4.38 

Cyclic Voltammetry = Ep values for (L4)Ni(OCOtBu)2 are Ni(II)/Ni(0) = -1.55 V. The 

reduction appears chemically reversible (Ep oxidation = -1.27 V vs SCE) and 

electrochemically irreversible.  

Single Crystal XRD  

 

Synthesis of (L4)Ni(OCOPh)2 

 
 

In the glovebox, (L4)NiCl2 (122 mg, 0.25 mmol) and potassium benzoate (83 mg, 0.52 

mmol, 2.08 equiv.) were added to a 10 mL vial. A stirbar was added and charged with 
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3 mL of THF and left to stir overnight in which a colour change from pink to orange to 

green is observed. The solvent was then removed and the solid was dissolved in DCM 

and filtered through a celite plug where a white solid was filtered off. The green filtrate 

was concentrated to dryness and filtered. The solid was washed with pentane (3 mL x 

3) to afford (L4)Ni(OCOPh)2 as a green powder (128 mg, 78 % yield). 

Stability: Stable in air 

1H NMR (500 MHz, THF-d8) δ 52.21, 21.77, -9.11. 13C NMR, no signals are observed 

due to paramagnetism of (L4)Ni(OCOPh)2. 

X-Band EPR = EPR Silent 

UV-VIS (nm) = 700 nm  

Key IR Stretches = 1593 cm-1 (weak), 1528 cm-1 (strong) 

EA Calcd. C, 72.64; H, 4.57; N, 4.24; Found: C, 70.25; H, 4.90; N, 3.88 

Single crystal XRD   

 

Synthesis of [(L4)Ni(OPh)2]2 

 

In the glovebox, (L4)NiCl2 (158 mg, 0.32 mmol) and sodium phenoxide (116 mg, 1.00 

mmol, 3.1 equiv.) were added to a 10 mL vial. A stirbar was added and charged with 5 

mL of toluene and left to stir overnight. The solvent was then removed and redissolved 

in DCM (sparingly soluble) and filtered through a celite plug. The solvent was removed, 

filtered and washed with pentane (3 mL x 3) to afford (L4)Ni(OPh)2 as a brown powder 

(88 mg, 45 % yield). 

1H NMR (400 MHz, CD2Cl2) δ 54.35, 49.37, 19.92, 18.28, 0.30, 0.09. 13C NMR, no 

signals are observed due to paramagnetism of [(L4)Ni(OPh)2]2.  

X-Band EPR = EPR Silent 

Key IR Stretches = 1256 cm-1 (strong)  

EA Calcd. C, 75.40; H, 5.00; N, 4.63; Found: C, 76.54; H, 5.20; N, 5.49 

Single crystal XRD  
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Synthesis of NiLi3Cl2(OtBu)3•2THF 

 

In the glovebox, (L4)NiCl2 (113 mg, 0.23 mmol) and lithium tert-butoxide (41 mg, 0.51 

mmol) were added to a 10 mL vial. A stirbar was added and charged with 3 mL of THF 

and left to stir overnight. The solvent was then removed and dissolved in minimal THF, 

and then filtered through a celite plug. The solvent was removed, filtered and washed 

with pentane (3 mL x 3) to afford NiLi3Cl2(O
tBu)3•2THF as a blue powder (88 mg, 

quantitative).  

Stability: Unstable in air 

1H NMR (400 MHz, THF-d8) δ 33.31, 32.48, 13.01. 13C NMR, no signals are observed 

due to paramagnetism of NiLi3Cl2(O
tBu)3•2THF.  

X-Band EPR = EPR Silent 

EA Calcd. C, 51.95; H, 3.63; N, 5.05; Found: C, 48.89; H, 3.83; N, 4.73 

Single crystal XRD  

 

Synthesis of [(L4)2Ni]Cl 

 

Following a modification of literature procedures,3 in the glovebox, (L4)NiCl2 (44 mg, 

0.09 mmol), Ni(COD)2 (25 mg, 0.09 mmol, 1 equiv) and L4 (96 mg, 0.27 mmol, 3 

equiv) were added to a 10 mL vial. A stirbar was added and charged with 5 mL of THF 

and left to stir overnight. The solvent was removed, filtered and washed with pentane 

(1 mL x 3, cold -36 oC) to afford [(L4)2Ni]Cl as a purple powder (132 mg, 91 % yield). 

Stability: Unstable in air 

1H NMR (400 MHz, THF-d8) δ 75.78, 53.72, 25.67, 18.75, 14.13. 13C NMR, no signals 

are observed due to paramagnetism of [(L4)2Ni]Cl. 

X-Band EPR = g(x) = 2.109, g(y) = 2.106, g(z) = 2.445 
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UV-VIS (nm) = 560 nm, 735 nm 

 

Synthesis of [(L4)2Ni]Br 

 

Following a modification of literature procedures,3 in the glovebox, (L4)NiBr2 (60 mg, 

0.10 mmol), Ni(COD)2 (29 mg, 0.10 mmol, 1 equiv) and L4 (112 mg, 0.31 mmol, 3 

equiv) were added to a 10 mL vial. A stirbar was added and charged with 5 mL of THF 

and left to stir overnight. The solvent was removed, filtered and washed with pentane 

(1 mL x 3, cold -36 oC) to afford [(L4)2Ni]Br as a blue powder (167 mg, 94 % yield). 

Stability: Unstable in air 

1H NMR (400 MHz, THF-d8) δ 24.45, 12.22. 13C NMR, no signals are observed due 

to paramagnetism of [(L4)2Ni]Br.  

X-Band EPR = g(x) = 2.115, g(y) = 2.114, g(z) = 2.456  

UV-VIS (nm) = 560 nm, 690 nm  

Single crystal XRD  

 

Synthesis of (L3)Ni(OCOtBu)2 

 
 

In the glovebox, (L3)NiCl2 (97 mg, 0.29 mmol) was added to a 12 mL vial with 

potassium pivalate (143 mg, 1.15 mmol, 4 equiv). A stir bar was added, and the vial 

was charged with 7 mL of toluene turning the pink powder to a pink suspension and let 

stir overnight. After 16 hours the green suspension was filtered through a celite plug 

and washed with DCM (8 mL) with the salt being filtered off and a green solution 

collected. The solvent was then removed to afford a green solid and washed with 

pentane (1 mL x 3) to give (L3)Ni(OCOtBu)2 (123 mg, 90 % yield) as a green powder.  
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1H NMR (1H NMR (400 MHz, C6D6) δ 48.92, 18.43, 15.50, -9.49. 13C NMR, no 

signals are observed due to paramagnetism of (L3)Ni(OCOtBu)2. 

X-Band EPR = EPR Silent 

Single Crystal XRD  
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4.6.3 Stochiometric Reactions. 

No reaction between (L4)Ni(OCOtBu)2 and (L4)2Ni 

 

 

Monitored by quantitative 1H NMR and paramagnetic 1H NMR. In the glovebox, 

(L4)2Ni (12 mg, 0.02 mmol) and TMB (1 mg, internal standard) were added to a 4 mL 

vial with 1 mL of THF-d8. The solution was transferred to a J-Young NMR tube and 

the initial integration of (L4)2Ni and TMB was recorded. The J-Young NMR tube was 

brought back into the glovebox and added to a vial containing (L4)Ni(OCO tBu)2 (10 

mg, 0.02 mmol) and stirred for 1 h before transferring back into the J-Young NMR tube 

and analyzed by 1H NMR. No conversion of (L4)2Ni was observed and paramagnetic 

signals of (L4)Ni(OCOtBu)2 remained with no additional signals of paramagnetic 

species observed. Conclusion: This is consistent with no reaction between (L4)2Ni and 

(L4)Ni(OCOtBu)2. 

 

 

Figure S1. Quantitative 1H NMR spectra of TMB and (L4)2Ni indicating no conversion 

of (L4)2Ni upon adding (L4)Ni(OCOtBu)2. Internal standard trimethoxybenzene, TMB 

(green) and (L4)2Ni (blue). 
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Figure S2. Paramagnetic 1H NMR spectra upon mixing (L4)Ni(OCOtBu)2 and (L4)2Ni 

indicating no conversion of (L4)Ni(OCOtBu)2. (L4)Ni(OCOtBu)2 (blue). 

 

Monitored by EPR. In the glovebox, a solution of (L4)2Ni was prepared and the EPR 

spectrum of (L4)2Ni was recorded which was EPR silent. Separately, (L4)Ni(OCOtBu)2 

(10 mg, 0.02 mmol) and (L4)2Ni (12 mg, 0.02 mmol) were added to a 4 mL vial. A stir 

bar was added, and the vial was charged with 1 mL of THF. After 1 hour, a 100 uL 

aliquot was removed and diluted to 800 uL in THF and then analyzed by EPR, in which 

no EPR signals corresponding to Ni(I) species were observed. As described in the 

synthesis of (L4)Ni(OCOtBu)2, this Ni(II) complex is X-band EPR silent.   

 
Figure S3. Continuous wave (CW) X-Band EPR spectra of (L4)2Ni and upon mixing 

(L4)Ni(OCOtBu)2 and (L4)2Ni indicating no formation of Ni(I) species. (L4)2Ni and 

(L4)Ni(OCOtBu)2 are both X-Band EPR silent, while Ni(I) species would be EPR 

active.  
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No reaction between (L4)Ni(OCOPh)2 and (L4)2Ni  

 

 

Monitored by quantitative 1H NMR and paramagnetic 1H NMR. In the glovebox, 

(L4)2Ni (10 mg, 0.01 mmol) and TMB (1 mg, internal standard) were added to a 4 mL 

vial with 1 mL of C6D6. The solution was transferred to a J-Young NMR tube and the 

initial integration of (L4)2Ni and TMB was recorded. The J-Young NMR tube was 

brought back into the glovebox and added to a vial containing (L4)Ni(OCOPh)2 (9 mg, 

0.01 mmol) and stirred for 1 h before transferring back into the J-Young NMR tube and 

analyzed by 1H NMR. No conversion of (L4)2Ni was observed and paramagnetic 

signals of (L4)Ni(OCOPh)2 remained with no additional signals of paramagnetic 

species observed. Conclusion: This is consistent with no reaction between (L4)2Ni and 

(L4)Ni(OCOPh)2. 

 

 

Figure S4. Quantitative 1H NMR spectra of TMB and (L4)2Ni indicating no conversion 

of (L4)2Ni upon adding (L4)Ni(OCOPh)2. Internal standard trimethoxybenzene, TMB 

(green) and (L4)2Ni (blue). 
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Figure S5. Paramagnetic 1H NMR spectra upon mixing (L4)Ni(OCOPh)2 and (L4)2Ni 

indicating no conversion of (L4)Ni(OCOPh)2. (L4)Ni(OCOPh)2 (orange). 

 

Monitored by EPR. In the glovebox, (L4)Ni(OCOPh) 2 (8 mg, 0.02 mmol) and (L4)2Ni 

(9 mg, 0.01 mmol) were added to a 4 mL vial. A stir bar was added, and the vial was 

charged with 1 mL of THF. After 1 hour, a 100 uL aliquot was removed and diluted to 

800 uL in THF and then analyzed by EPR.  

 

Figure S6. Continuous wave (CW) X-Band EPR spectra of (L4)2Ni and upon mixing 

(L4)Ni(OCOPh)2 and (L4)2Ni indicating no formation of Ni(I) species. (L4)2Ni and 

(L4)Ni(OCOPh)2 are both X-Band EPR silent, while Ni(I) species would be EPR active.  

No reaction between [(L4)Ni(OPh)2]2 and (L4)2Ni 

 
Monitored by quantitative 1H NMR and paramagnetic 1H NMR. In the glovebox, 

(L4)2Ni (10 mg, 0.01 mmol) and TMB (1 mg, internal standard) were added to a 4 mL 

vial with 1 mL of C6D6. The solution was transferred to a J-Young NMR tube and the 

initial integration of (L4)2Ni and TMB was recorded. The J-Young NMR tube was 

brought back into the glovebox and added to a vial containing [(L4)Ni(OPh)2]2 (8 mg, 

0.01 mmol) and stirred for 1 h before transferring back into the J-Young NMR tube and 

analyzed by 1H NMR. No conversion of (L4)2Ni was observed with no additional 

signals of paramagnetic species observed, signals for [(L4)Ni(OPh)2]2 were observed 
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in low intensity due to the poor solubility in C6D6. Conclusion: This is consistent with 

no reaction between (L4)2Ni and [(L4)Ni(OPh)2]2. 

 

 

Figure S7. Quantitative 1H NMR spectra of TMB and (L4)2Ni indicating no conversion 

of (L4)2Ni upon adding [(L4)Ni(OPh)2]2. Internal standard trimethoxybenzene, TMB 

(green) and (L4)2Ni (blue). 

 

Monitored by EPR. In the glovebox, [(L4)Ni(OPh)2]2 (10 mg, 0.02 mmol) and (L4)2Ni 

(12 mg, 0.02 mmol) were added to a 4 mL vial. A stir bar was added, and the vial was 

charged with 1 mL of THF. After 1 hour, a 100 uL aliquot was removed and diluted to 

800 uL in THF and then analyzed by EPR.  

 

Figure S8. Continuous wave (CW) X-Band EPR spectra of (L4)2Ni and upon mixing 

[(L4)Ni(OPh)2]2and (L4)2Ni indicating no formation of Ni(I) species. (L4)2Ni and 

[(L4)Ni(OPh)2]2are both X-Band EPR silent, while Ni(I) species would be EPR active.   
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No reaction between (L3)Ni(OCOtBu)2 and (L3)2Ni 

 

 

Monitored by quantitative 1H NMR and paramagnetic 1H NMR. In the glovebox, 

(L3)2Ni (4.4 mg, 0.01 mmol) and TMB (1 mg, internal standard) were added to a 4 mL 

vial with 0.7 mL of C6D6 and filtered through a celite plug to remove traces of 

undissolved material and the filtrate was diluted further with 0.4 mL of C6D6 to prevent 

(L3)2Ni from precipitating out of solution. The solution was transferred to a J-Young 

NMR tube and the initial integration of (L3)2Ni and TMB was recorded. The J-Young 

NMR tube was brought back into the glovebox and added to a vial containing 

(L3)Ni(OCOtBu)2 (4.3 mg, 0.01 mmol) and stirred for 1 h before transferring back into 

the J-Young NMR tube and analyzed by 1H NMR. No conversion of (L3)2Ni was 

observed and paramagnetic signals of (L3)Ni(OCOtBu)2 remained with no additional 

signals of paramagnetic species observed. Conclusion: This is consistent with no 

reaction between (L3)2Ni and (L3)Ni(OCOtBu)2. 

 

Figure S9. Quantitative 1H NMR spectra of TMB and (L3)2Ni indicating no conversion 

of (L3)2Ni upon adding (L3)Ni(OCOtBu)2. Internal standard trimethoxybenzene, TMB 

(green) and (L3)2Ni (blue). 
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Figure S10. Paramagnetic 1H NMR spectra upon mixing (L3)Ni(OCOtBu)2 and 

(L3)2Ni indicating no conversion of (L3)Ni(OCOtBu)2. (L3)Ni(OCOtBu)2 (orange). 

Reaction between (L4)NiBr2 and (L4)2Ni  

Monitored by quantitative 1H NMR and paramagnetic 1H NMR. In the glovebox, 

(L4)2Ni (10 mg, 0.01 mmol) and TMB (1 mg, internal standard) were added to a 4 mL 

vial with 1 mL of THF-d8. The solution was transferred to a J-Young NMR tube and 

the initial integration of (L4)2Ni and TMB was recorded. The J-Young NMR tube was 

brought back into the glovebox and added to a vial containing (L4)NiBr2 (7 mg, 0.01 

mmol) and stirred for 1 h before transferring back into the J-Young NMR tube and 

analyzed by 1H NMR. Full conversion of (L4)2Ni was observed with additional signals 

of paramagnetic species observed. Conclusion: This is consistent with reaction between 

(L4)2Ni and (L4)NiBr2 to form Ni(I) complex [(L4)2Ni]Br. 

 

Figure S11. Quantitative 1H NMR spectra of TMB and (L4)2Ni indicating full 

conversion of (L4)2Ni upon adding (L4)NiBr2. Internal standard trimethoxybenzene, 

TMB (green) and (L4)2Ni (blue). 
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Figure S12. Paramagnetic 1H NMR spectra upon mixing (L4)NiBr2 and (L4)2Ni 

indicating full conversion of (L4)2Ni and formation of [(L4)2Ni]Br. [(L4)2Ni]Br (red). 

 

Monitored by EPR. In the glovebox, (L4)NiBr2 (8 mg, 0.01 mmol) and (L4)2Ni (11 

mg, 0.01 mmol) were added to a 4 mL vial. A stir bar was added, and the vial was 

charged with 1 mL of THF. After 1 hour, a 100 uL aliquot was removed and diluted to 

800 uL in THF and then analyzed by EPR.  

 
Figure S13. Continuous wave (CW) X-Band EPR spectra of (L4)2Ni and upon mixing 

(L4)NiBr2 and (L4)2Ni indicating formation of Ni(I) species. (L4)2Ni and (L4)NiBr2 

are both X-Band EPR silent, while Ni(I) species [(L4)2Ni]Br would be EPR active.  

 

Monitored rate of reaction by UV-VIS. In the glovebox, a solution of (L4)2Ni (0.04 

mM, 2.5 mL) in THF was transferred to a sealed cuvette. The UV-VIS spectra was 

monitored at 550 nm an a solution of (L4)NiBr2 (0.4 mM, 0.25 mL) was injected via 

microsyringe in which the reaction was complete within 4 seconds. Noise from 

injecting the solution of (L4)NiBr2 precluded accurate rate measurements.  

Conclusion: This is consistent with reaction between (L4)2Ni and (L4)NiBr2 to form 

Ni(I) complex [(L4)2Ni]Br occurs rapidly. 
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Figure S14. Monitoring the reaction of (L4)2Ni and (L4)NiBr2 by UV-VIS 

spectroscopy. A. Initial UV-VIS spectrum of (L4)2Ni (red trace) and the resulting 

spectrum after addition of (L4)NiBr2. B. Monitoring the reaction at 550 nm.  

Reaction Between [(L4)2Ni]Cl and Potassium Pivalate in THF 

 

Monitored by quantitative 1H NMR and paramagnetic 1H NMR. In the glovebox, 

([(L4)2Ni]Cl (22 mg, 0.03 mmol) and potassium pivalate (18 mg, 0.15 mmol, 5 equiv) 

were added to a 4 mL vial. A stir bar was added, and the vial was charged with 2 mL of 

THF. After 16 hour, the solvent was removed and redissolved in 3 mL of C6D6. To this 

solution, a stock solution of TMB in C6D6 was added and the integral ratio of TMB to 

(L4)2Ni was measured by 1H NMR to determine (L4)2Ni had formed in quantitative 

yield and the only species observed in the paramagnetic NMR was (L4)Ni(OCOtBu)2. 
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Attempts to follow these reactions by EPR and paramagnetic NMR were performed to 

identify the formation of transient (L4)NiI-OCOtBu, however we were unable to 

identify any new signals that would correspond to this species suggested it undergo 

rapid disproportionation once formed. Conclusion: This is consistent with reaction 

between Ni(I) complex [(L4)2Ni]Cl and potassium pivalate to form (L4)2Ni and 

(L4)Ni(OCOtBu)2. 

 

 
Figure S15. Quantitative 1H NMR spectra of TMB and (L4)2Ni after reacting 

[(L4)2Ni]Cl with potassium pivalate. Internal standard trimethoxybenzene, TMB (green) 

and (L4)2Ni (blue). 

 

Figure S16. Paramagnetic 1H NMR spectra upon mixing [(L4)2Ni]Cl with potassium 

pivalate formation of (L4)Ni(OCOtBu)2. (L4)Ni(OCOtBu)2 (red). 

 

Monitored by EPR. In the glovebox, [(L4)2Ni]Cl (10 mg, 0.01 mmol) and potassium 

pivalate (8 mg, 0.06 mmol, 6 equiv) were added to a 4 mL vial. A stir bar was added, 

and the vial was charged with 1 mL of THF. After 16 hour, a 100 uL aliquot was 

removed and diluted to 800 uL in THF and then analyzed by EPR. 
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Figure S17. Continuous wave (CW) X-Band EPR spectra of [(L4)2Ni]Cl and upon 

mixing [(L4)2Ni]Cl with potassium pivalate indicating loss of Ni(I) species [(L4)2Ni]Cl. 

(L4)2Ni and (L4)Ni(OCOtBu)2 are both X-Band EPR silent, while Ni(I) species 

[(L4)2Ni]Cl would be EPR active.  

 

Reaction Between [(L4)2Ni]Cl and Potassium Pivalate in MeCN  

 

Monitored by quantitative 1H NMR and paramagnetic 1H NMR. In the glovebox, 

([(L4)2Ni]Cl (18 mg, 0.02 mmol) and potassium pivalate (14 mg, 0.11 mmol, 5 equiv) 

were added to a 4 mL vial. A stir bar was added, and the vial was charged with 3 mL of 

MeCN. After 16 hour, the solvent was removed and redissolved in 3 mL of C6D6. To 

this solution, a stock solution of TMB in C6D6 was added and the integral ratio of TMB 

to (L4)2Ni was measured by 1H NMR to determine (L4)2Ni had formed in 89 % yield 

and the only species observed in the paramagnetic NMR was (L4)Ni(OCOtBu)2. 

Conclusion: This is consistent with reaction between Ni(I) complex [(L4)2Ni]Cl and 

potassium pivalate to form (L4)2Ni and (L4)Ni(OCOtBu)2. 
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Figure S18. Quantitative 1H NMR spectra of TMB and (L4)2Ni after reacting 

[(L4)2Ni]Cl with potassium pivalate. Internal standard trimethoxybenzene, TMB (green) 

and (L4)2Ni (blue). 

 

 

Figure S19. Paramagnetic 1H NMR spectra upon mixing [(L4)2Ni]Cl with potassium 

pivalate formation of (L4)Ni(OCOtBu)2. (L4)Ni(OCOtBu)2 (red). 

 

Reaction Between [(L4)2Ni]Cl and Potassium Benzoate  

 

Monitored by quantitative 1H NMR and paramagnetic 1H NMR. In the glovebox, 

([(L4)2Ni]Cl (10 mg, 0.01 mmol), potassium benzoate (10 mg, 0.06 mmol, 6 equiv), 

and L4 (5 mg, 0.01 mmol) were added to a 10 mL vial. A stir bar was added, and the 

vial was charged with 2 mL of THF. After 16 hour, the solvent was removed, redissolved 

in 3 mL of C6D6 and filtered through a celite plug. To this solution, a stock solution of 
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TMB in C6D6 was added and the integral ratio of TMB to (L4)2Ni was measured by 1H 

NMR to determine (L4)2Ni had formed in 68 % yield and the only species observed in 

the paramagnetic NMR was (L4)Ni(OCOPh)2. Conclusion: This is consistent with 

reaction between Ni(I) complex [(L4)2Ni]Cl and potassium benzoate to form (L4)2Ni 

and (L4)Ni(OCOPh)2. 

 

 
Figure S20. Quantitative 1H NMR spectra of TMB and (L4)2Ni after reacting 

[(L4)2Ni]Cl with potassium benzoate. Internal standard trimethoxybenzene, TMB 

(green) and (L4)2Ni (blue). 

 

 

Figure S21. Paramagnetic 1H NMR spectra upon mixing [(L4)2Ni]Cl with potassium 

benzoate and formation of (L4)Ni(OCOPh)2. (L4)Ni(OCOPh)2 (red). 
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Reaction Between [(L4)2Ni]Cl and Sodium Phenoxide  

 

Monitored by quantitative 1H NMR and paramagnetic 1H NMR. In the glovebox, 

([(L4)2Ni]Cl (21 mg, 0.03 mmol), sodium phenoxide (15 mg, 0.13 mmol, 5 equiv), and 

L4 (9 mg, 0.03 mmol) were added to a 10 mL vial. A stir bar was added, and the vial 

was charged with 2 mL of THF. After 16 hour, the solvent was removed, redissolved in 

3 mL of C6D6 and filtered through a celite plug. To this solution, a stock solution of 

TMB in C6D6 was added and the integral ratio of TMB to (L4)2Ni was measured by 1H 

NMR to determine (L4)2Ni had formed in 97 % yield and the only species observed in 

the paramagnetic NMR was (L4)Ni(OPh)2. Due to the insolubility of [(L4)Ni(OPh)2]2 

in C6D6, only faint traces of paramagnetic species are observed. Conclusion: This is 

consistent with reaction between Ni(I) complex [(L4)2Ni]Cl and sodium phenoxide to 

form (L4)2Ni and [(L4)Ni(OPh)2]2. 

 

 

Figure S22. Quantitative 1H NMR spectra of TMB and (L4)2Ni after reacting 

[(L4)2Ni]Cl with sodium phenoxide. Internal standard trimethoxybenzene, TMB (green) 

and (L4)2Ni (blue). 
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Reaction Between [(L3)2Ni]Cl and Potassium Pivalate  

 

Monitored by quantitative 1H NMR and paramagnetic 1H NMR. In the glovebox, 

([(L3)2Ni]Cl (10 mg, 0.02 mmol), potassium pivalate (12 mg, 0.10 mmol, 5 equiv), and 

L3 (4 mg, 0.02 mmol) were added to a 10 mL vial. A stir bar was added, and the vial 

was charged with 2 mL of THF. After 16 hour, the solvent was removed, redissolved in 

3 mL of C6D6 and filtered through a celite plug. To this solution, a stock solution of 

TMB in C6D6 was added and the integral ratio of TMB to (L3)2Ni was measured by 1H 

NMR to determine (L3)2Ni had formed in 96 % yield and the only species observed in 

the paramagnetic NMR was (L3)Ni(OPiv)2. Conclusion: This is consistent with 

reaction between Ni(I) complex [(L3)2Ni]Cl and potassium pivalate to form (L3)2Ni 

and (L3)Ni(OPiv)2. 

 

 
Figure S23. Quantitative 1H NMR spectra of TMB and (L3)2Ni after reacting 

[(L3)2Ni]Cl with pottasium pivalate. Internal standard trimethoxybenzene, TMB (green) 

and (L3)2Ni (blue). 
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Figure S24. Paramagnetic 1H NMR spectra upon mixing [(L3)2Ni]Cl with potassium 

pivalate and formation of (L3)Ni(OPiv)2. (L3)Ni(OPiv)2 (red). 

 

Solubility of Ni(II) complexes 

In the glovebox (bipyridine)NiCl2 (25 mg) was added to a 10 mL vial. A stir bar was 

added, and the vial was charged with 3 mL of THF and stirred at 900 rpm. After 1 hour, 

a 1.5 mL aliquot was removed and filtered through a celite plug to afford a saturated 

solution of (bipyridine)NiCl2 in which 1 mL was transferred to a tared vial. The solvent 

was removed to afford the resultant solid. This representative procedure was repeated 

for (phenanthroline)NiCl2, (neocuproine)NiCl2 and (bathrocuproine)NiCl2.  
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 Reaction Between (L4)NiBr2 and Zinc  

 

Quantified by 1H NMR. In the glovebox, (L4)NiBr2 (22 mg, 0.04 mmol), L4 (35 mg, 

0.10 mmol, 2.5 equiv) and zinc (25 mg, 0.38 mmol, 10 equiv) were added to a 10 mL 

vial. A stir bar was added, and the vial was charged with 2 mL of THF and stirred at 

900 rpm. After 1 hour, the suspension was filtered through a celite plug and the solvent 

was removed and redissolved in 3 mL of C6D6. To this solution, a stock solution of 

TMB in C6D6 was added and the integral ratio of TMB to (L4)2Ni was measured by 1H 

NMR to determine (L4)2Ni had formed in 76 % yield. Conclusion: This is consistent 

with full reduction of Ni(II) to Ni(0) with Zn. 

 

Figure S25. Quantitative 1H NMR spectra of TMB and (L4)2Ni after reacting 

(L4)NiBr2 with zinc (10 equiv). Internal standard trimethoxybenzene, TMB (green) and 

(L4)2Ni (blue). 

 

Reaction Between (L4)NiBr2 and Manganese  

 

Quantified by 1H NMR. In the glovebox, (L4)NiBr2 (16 mg, 0.03 mmol), L4 (25 mg, 

0.07 mmol, 2.5 equiv) and manganese (15 mg, 0.27 mmol, 10 equiv) were added to a 
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10 mL vial. A stir bar was added, and the vial was charged with 2 mL of THF and stirred 

at 900 rpm. After 1 hour, the suspension was filtered through a celite plug and the 

solvent was removed and redissolved in 3 mL of C6D6. To this solution, a stock solution 

of TMB in C6D6 was added and the integral ratio of TMB to (L4)2Ni was measured by 

1H NMR to determine (L4)2Ni had formed in 77 % yield. Conclusion: This is consistent 

with full reduction of Ni(II) to Ni(0) with Mn. 

 

 

Figure S26. Quantitative 1H NMR spectra of TMB and (L4)2Ni after reacting 

(L4)NiBr2 with manganese (10 equiv). Internal standard trimethoxybenzene, TMB 

(green) and (L4)2Ni (blue). 

 

No Reaction Between (L4)Ni(OCOtBu)2 and Zn  

Quantified by isolation. In the glovebox, (L4)Ni(OCOtBu)2 (19 mg, 0.03 mmol), and 

zinc (20 mg, 0.31 mmol, 10 equiv) were added to a 10 mL vial. A stir bar was added, 

and the vial was charged with 2 mL of THF and stirred at 900 rpm. After 1 hour, the 

suspension was filtered through a celite plug to afford a green filtrate in which the 

solvent was removed. The solid was then filtered to afford (L4)Ni(OCOtBu)2 as a green 

solid (18 mg, 92 % recovered yield). These reactions were performed without added L4 

to assist in isolation. They were repeated with additional L4 as a control to verify this 

did not change the reaction outcome in which only starting material is observed, even 

at 16 h in which only starting material is observed (Figure S27). Conclusion: This is 

consistent with no reduction of Ni(II)-(OCOtBu)2 to Ni(0) with Zn. 
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Figure S27. Paramagnetic 1H NMR spectra upon mixing (L4)Ni(OCOtBu)2 with zinc 

(10 equiv) and isolating unreacted (L4)Ni(OCOtBu)2 with no formation of (L4)2Ni. 

(L4)Ni(OCOtBu)2 (red). 

 

No Reaction Between (L4)Ni(OCOtBu)2 and Mn  

Quantified by isolation. In the glovebox, (L4)Ni(OCOtBu)2 (19 mg, 0.03 mmol), and 

manganese (17 mg, 0.30 mmol, 10 equiv) were added to a 10 mL vial. A stir bar was 

added, and the vial was charged with 2 mL of THF and stirred at 900 rpm. After 1 hour, 

the suspension was filtered through a celite plug to afford a green filtrate in which the 

solvent was removed. The solid was then filtered to afford (L4)Ni(OCOtBu)2 as a green 

solid (18 mg, 97 % recovered yield). These reactions were performed without added L4 

to assist in isolation. They were repeated with additional L4 as a control to verify this 

did not change the reaction outcome in which only starting material is observed, even 

at 16 h in which only starting material is observed (Figure S28). Conclusion: This is 

consistent with no reduction of Ni(II)-(OCOtBu)2 to Ni(0) with Zn. 
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Figure S28. Paramagnetic 1H NMR spectra upon mixing (L4)Ni(OCOtBu)2 with 

manganese (10 equiv) and isolating unreacted (L4)Ni(OCOtBu)2 with no formation of 

(L4)2Ni. (L4)Ni(OCOtBu)2 (red). 

 

Reaction Between (L4)Ni(OCOtBu)2 and LiBr  

Quantified by isolation. In the glovebox, (L4)Ni(OCOtBu)2 (31 mg, 0.05 mmol), and 

LiBr (17 mg, 0.20 mmol, 4 equiv) were added to a 10 mL vial. A stir bar was added, 

and the vial was charged with 2 mL of THF and stirred at 900 rpm. After 1 hour, the 

suspension was filtered through a celite plug to afford a pink filtrate from which the 

solvent was removed. The solid was then re-dissolved in toluene and filtered the solvent 

was again removed to afford (L4)Ni(Br)2 as a pink solid (27 mg, 93 % yield). 

Conclusion: This is consistent with full conversion of Ni(II)-(OCOtBu)2 to Ni(II)-(Br)2 

with LiBr. 

 

Figure S29. Paramagnetic 1H NMR spectra upon mixing (L4)Ni(OCOtBu)2 with LiBr 

(4 equiv) indicating full conversion of (L4)Ni(OCOtBu)2 to (L4)NiBr2. (L4)NiBr2 (red). 
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Reaction Between (L4)Ni(OCOtBu)2, Zinc and LiBr 

Quantified by 1H NMR. In the glovebox, (L4)Ni(OCOtBu)2 (12 mg, 0.02 mmol), L4 

(18 mg, 0.05 mmol, 2.5 equiv), LiBr (9 mg, 0.1 mmol, 4 equiv)  and zinc (13 mg, 0.20 

mmol, 10 equiv) were added to a 4 mL vial. A stir bar was added, and the vial was 

charged with 1 mL of THF-d8 and stirred at 900 rpm. After 1 hour, the suspension was 

filtered through a celite plug. To this solution, a stock solution of TMB in THF-d8 was 

added and the integral ratio of TMB to (L4)2Ni was measured by 1H NMR to determine 

(L4)2Ni had formed in 80 % yield. Conclusion: This is consistent with full reduction of 

Ni(II) to Ni(0) with Zn. Excess ligand was used to prevent ligand sequestering by 

coordinatively unsaturated Zn salts. 

 

Figure S30. Quantitative 1H NMR spectra of TMB and (L4)2Ni after reacting 

(L4)Ni(OCOtBu)2 with LiBr (4 equiv) and zinc (10 equiv). Internal standard 

trimethoxybenzene, TMB (green) and (L4)2Ni (blue). 

 

Reaction Between (L4)Ni(OCOtBu)2, Zinc and ZnBr2 

Quantified by 1H NMR. In the glovebox, (L4)Ni(OCOtBu)2 (13 mg, 0.02 mmol), L4 

(42 mg, 0.12 mmol, 5.9 equiv), ZnBr2 (15 mg, 0.07 mmol, 3 equiv)  and zinc (14 mg, 

0.21 mmol, 10 equiv) were added to a 10 mL vial. A stir bar was added, and the vial 

was charged with 3 mL of THF and stirred at 900 rpm. After 3 hours, the solvent was 

removed and redissolved in 1.5 mL of C6D6 which was then filtered through a celite 

plug. To this solution, a stock solution of TMB in C6D6 was added and the integral ratio 

of TMB to (L4)2Ni was measured by 1H NMR to determine (L4)2Ni had formed in a 

quantitative yield. Conclusion: This is consistent with ZnBr2 undergoing anion 

exchange with Ni(II)-OCOtBu species which enables the full reduction of Ni(II) to Ni(0) 
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with Zn. Excess ligand was used to prevent ligand sequestering by coordinatively 

unsaturated Zn salts.  

 

Figure S31. Quantitative 1H NMR spectra of TMB and (L4)2Ni after reacting 

(L4)Ni(OCOtBu)2 with ZnBr2 (3 equiv) and zinc (10 equiv). Internal standard 

trimethoxybenzene, TMB (green) and (L4)2Ni (blue). 

 

Reaction Between (L4)2Ni and Zinc Chloride  

 

 

Monitored by quantitative 1H NMR and paramagnetic 1H NMR. In the glovebox, 

(L4)2Ni (11.2 mg, 0.01 mmol) and TMB (2 mg, internal standard) were added to a 4 

mL vial with 1.5 mL of THF-d8. The solution was transferred to a J-Young NMR tube 

and the initial integration of (L4)2Ni and TMB was recorded. The J-Young NMR tube 

was brought back into the glovebox and added to a vial containing ZnCl2 (5.6 mg, 0.04 

mmol) and stirred for 1 h before transferring back into the J-Young NMR tube and 

analyzed by 1H NMR. After 1h, (L4)2Ni remained (46 %) along with formation of 

(L4)ZnCl2 (39 %) with no paramagnetic species generated (Figure S32. t1. Conclusion: 

This is consistent with ligand sequestering of ZnCl2 from (L4)2Ni. 

 

Independent synthesis of (L4)ZnCl2. CSD0842 In the glovebox, ZnCl2 (66 mg, 0.48 

mmol), L4 (177 mg, 0.49 mmol, 1.02 eq) were added to a 10 mL vial with a stirbar. The 

vial was charged with THF (3 mL) to afford a yellow suspension that was stirred 
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overnight to afford a white suspension. After 16 h the suspension was filtered and 

washed with THF (1 mL) and pentane (3 ml x 2) and dried under vacuum to afford 

(L4)ZnCl2 (88 mg, 37 % yield) as a white solid.   

 

1H NMR (400 MHz, THF-d8) δ 7.99 (s, 2H), 7.93 (s, 2H), 7.74 – 7.45 (m, 11H), 3.17 

(s, 6H). 

 

Figure S32. Quantitative 1H NMR spectra of TMB and (L4)2Ni indicating ligand 

sequestering by ZnCl2 from (L4)2Ni. Internal standard trimethoxybenzene, TMB (green) 

and (L4)2Ni (blue), (L4)ZnCl2. 

 

Reaction Between (L4)2Ni and Manganese Chloride 

 

 

 

 

Monitored by quantitative 1H NMR and paramagnetic 1H NMR. In the glovebox, 

(L4)2Ni (10.0 mg, 0.01 mmol) and TMB (2 mg, internal standard) were added to a 4 
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mL vial with 1.5 mL of THF-d8. The solution was transferred to a J-Young NMR tube 

and the initial integration of (L4)2Ni and TMB was recorded. The J-Young NMR tube 

was brought back into the glovebox and added to a vial containing MnCl2 (4.3 mg, 0.03 

mmol) and stirred for 1 h before transferring back into the J-Young NMR tube and 

analyzed by 1H NMR. After 1h, (L4)2Ni remained (71 %) with no paramagnetic species 

observable. Conclusion: This is consistent with ligand sequestering of MnCl2 from 

(L4)2Ni, in which the Mn complexes formed are either insoluble or have very broad 

paramagnetic 1H NMR spectra. A very broad paramagnetic spectra would be consistent 

with low spin d5 complex (L4)MnCl2. The existence of these paramagnetic species is 

also consistent with extensive line broadening observed in the diamagnetic 1H NMR 

spectra. 

 
Figure S33. Quantitative 1H NMR spectra of TMB and (L4)2Ni indicating ligand 

sequestering by MnCl2 from (L4)2Ni. Internal standard trimethoxybenzene, TMB 

(green) and (L4)2Ni (blue). 

 

Figure S34. Paramagnetic 1H NMR spectra indicating no oxidation of (L4)2Ni to 

[(L4)2Ni]Cl.    
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4.6.4 Catalytic reactions  

 

Representitive Procedure for Reductive Cross-Coupling of Alkyl 

Bromides and Aryl Bromide  

In the glovebox NiI2 (8 mg, 0.025 mmol, 10 mol%) and L4 (9 mg, 0.025 mmol, 10 

mol%) or (L4)Ni(OCOtBu)2 (16 mg, 0.025 mmol, 10 mol%) were added to a 10 mL 

vial. In addition, zinc dust (25 mg, 0.38 mmol, 1.5 equiv.), n-Bu4NBr (81 mg, 0.25 

mmol, 1.0 equiv.) and KOPiv (35 mg, 0.25 mmol, 1 equiv) when applicable, were added 

with DMA (1 mL). In a separate 4 mL vial a stock solution of decane (72 mg, 0.5 mmol) 

and (2-bromoethyl)benzene (93 mg, 0.5 mmol) was dissolved in 2 mL DMA from 

which 1 mL (0.25 mmol, 1 equiv.) was added to the reaction vial, additionally 50 l 

aliquot of the stock solution was removed for GC-FID analysis to establish an initial 

ratio of starting material to internal standard. Finally, aryl bromide (39 mg, 0.6 mmol, 

1.2 equiv.) was added to the reaction vial. The reaction was stirred at 900 rpm at room 

temperature for 5 h in the glovebox. At given time intervals reaction monitoring was 

carried out by quenching 50 l aliquots with HCl, after dilution with EtOAc and 

filtration, samples were analyzed by GC-FID to determine conversion of starting 

material and yield of cross coupled product.  

 

Figure S35. Monitoring the reductive cross-coupling of alkyl bromides and aryl 

bromides by GC-FID.  
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Catalytic Carboxylation of Allylic Alcohols with CO2  

In the glovebox to an oven-dried schlenk tube containing a stirring bar was added 

NiBr2DME (6 mg, 0.020 mmol, 10 mol%) and L4 (19 mg, 0.052 mmol, 26 mol%) or 

(L4)Ni(OCOtBu)2 (12 mg, 0.020 mmol, 10 mol%) and L4 (12 mg, 0.032 mmol, 16 

mol%). Additionally, Zn dust (14 mg, 0.240 mmol, 1.2 equiv.), MgCl2 (19 mg, 0.200 

mmol, 1 equiv.) and KOPiv (34 mg, 0.240 mmol, 1.2 equiv.) were added when 

applicable. The tube was taken out of the glovebox and connected to a Schlenk line 

where it was evacuated and back-filled under CO2 flow 3 times. (E)-oct-2-en-1-ol (26 

mg, 0.200 mmol, 1 equiv.), and DMF (2 mL) were added under CO2 flow. Once added, 

the schlenk tube was closed under a flow of CO2 (approx.. 1 bar overpressure) and 

stirred at 40 ºC for 16 h. The mixture was quenched with 2M HCl and diluted with 

EtOAc. An aliquot of the solution was analyzed by by 1H-NMR spectroscopy using 

TMB as internal standard to determine the yield of the expected product.  

 

Figure S36. Various conditions of the reductive carboxylation of allylic alcohols with 

CO2. 
a 1H NMR yields using 1,3,5-trimethoxybenzene as internal standard 

 

Migratory Hydrothiolation of Alkenes  

In the glovebox NiI2 (6 mg, 0.020 mmol, 10 mol%) and L4 (9 mg, 0.024 mmol, 12 

mol%) or (L4)Ni(OCOtBu)2 (12 mg, 0.020 mmol, 10 mol%) were added to a 10 mL 

vial. The solid was dissolved in THF (0.40 mL) and MeCN (0.20 mL). To this solution 

but-3-en-1-ylbenzene (53 mg, 0.40 mmol, 2.0 equiv.), benzyl mercaptan (25.0 mg, 0.20 

mmol, 1.0 equiv.), HBpin (90 mg, 0.70 mmol, 3.5 equiv.) Li3PO4 (50 mg, 0.40 mmol, 

2.0 equiv.) and KOPiv (11.2 mg, 0.080 mmol, 0.4 equiv.) when required, were added. 

The vial was stirred at 60 ºC for 24 h after which an aliquot of the solution solution was 
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analyzed by by 1H-NMR spectroscopy using TMB as internal standard to determine the 

yield of the expected product. 

 

Figure S37. Various conditions of the migratory hydrothiolation of alkenes. 
a 1H NMR 

yields using 1,3,5-trimethoxybenzene as internal standard 
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4.6.5 IR, UV-VIS, and Cyclic Voltammetry 

Infrared Spectroscopy  

 

Figure S38. Stack IR spectra of [(L4)Ni(OPh)2]2, (L4)Ni(OCOPh)2, and 

(L4)Ni(OCOtBu)2.  
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UV-VIS Spectroscopy  

 

 

Figure S39. UV-VIS spectra of [(L4)2Ni]Br, [(L4)2Ni]Cl, (L4)Ni(OCOtBu)2 and 

(L4)Ni(OCOPh)2.  
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Cyclic Voltammetry  

 

Figure S40. Cyclic voltammogram of (L4)NiBr2. Voltammograms were taken using a 

glassy carbon working electrode in a 0.1 M [nBu4N][PF6] supporting electrolyte MeCN 

solution with a 100 mV/s scan rate and 0.01 M of sample referenced to Fc (+380 vs 

SCE). Scans were started at the open-circuit potential and scanned in the anode 

direction first; the second cycle is shown here. E1/2 values for (L4)NiBr2 are Ni(II)/Ni(I) 

= -0.71 V, Ni(I)/Ni(0) = -1.10 V. Literature reports CV of 2,9-substituted phen ligated 

Ni complexes are reported with Ep/2 values of Ni(II)/Ni(I) = -0.69 V, Ni(I)/Ni(0) = -1.37 

V vs SHE in THF.4 

 
Figure S41. Cyclic voltammogram of (L4)NiBr2. Voltammograms were taken using a 

glassy carbon working electrode in a 0.1 M [nBu4N][PF6] supporting electrolyte MeCN 

solution with a varied scan rates and 0.01 M of sample referenced to Fc (+380 vs SCE).  
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Figure S42. Cyclic voltammogram of (L4)NiCl2. Voltammograms were taken using a 

glassy carbon working electrode in a 0.1 M [nBu4N][PF6] supporting electrolyte MeCN 

solution with a 100 mV/s scan rate and 0.01 M of sample referenced to Fc (+380 vs 

SCE). Scans were started at the open-circuit potential and scanned in the anode 

direction first; the second cycle is shown here. E1/2 values for (L4)NiCl2 are Ni(II)/Ni(I) 

= -0.86 V, Ni(I)/Ni(0) = -1.24 V. While the first reduction E1/2 (NiII/I) appears reversible, 

the second reduction E1/2 (NiI/0) appears quasireversible. Reduction of the ligand or to 

an anionic complex is observed in further reduction.  

 

Figure S43. Cyclic voltammogram of (L4)Ni(OCOtBu)2. Voltammograms were taken 

using a glassy carbon working electrode in a 0.1 M [nBu4N][PF6] supporting electrolyte 

MeCN solution with a 100 mV/s scan rate and 0.01 M of sample referenced to Fc (+380 

vs SCE). Scans were started at the open-circuit potential and scanned in the anode 

direction first; the second cycle is shown here. Ep values for (L4)Ni(OCOtBu)2 are 

Ni(II)/Ni(0) = -1.55 V. The reduction appears chemically reversible (Ep oxidation = -

1.27 V vs SCE) and electrochemically irreversible.  
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Figure S44. Cyclic voltammogram of (L4)Ni(OCOtBu)2. Voltammograms were taken 

using a glassy carbon working electrode in a 0.1 M [nBu4N][PF6] supporting electrolyte 

MeCN solution with various scan rates and 0.01 M of sample referenced to Fc (+380 

vs SCE).  

 

Figure S45. Cyclic voltammogram of ZnCl2. Voltammograms were taken using a 

glassy carbon working electrode in a 0.1 M [nBu4N][PF6] supporting electrolyte MeCN 

solution with a 100 mV/s scan rate and 0.01 M of sample referenced to Fc (+380 vs 

SCE). Scans were started at the open-circuit potential and scanned in the anode 

direction first. Ep values for ZnCl2 are Zn(II)/Zn(0) = -1.57 V. The reduction appears 

chemically reversible (Ep oxidation = -0.26 V vs SCE), and electrochemically 

irreversible. Literature reports CV of ZnBr2 are reported with Ep/2 values of 

Zn(II)/Zn(0) = -1.26 V vs SHE, in DMA.4 
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Figure S46. Cyclic voltammogram of MnCl2. Voltammograms were taken using a 

glassy carbon working electrode in a 0.1 M [nBu4N][PF6] supporting electrolyte MeCN 

solution with a 100 mV/s scan rate and 0.01 M of sample referenced to Fc (+380 vs 

SCE). Scans were started at the open-circuit potential and scanned in the anode 

direction first. Ep values for ZnCl2 are Zn(II)/Zn(0) = -1.77 V. Unlike the case of ZnCl2, 

MnCl2 reduction appears chemically irreversible and electrochemically irreversible. 

 

Figure S47. Cyclic voltammogram of (L4)2Ni. Voltammograms were taken using a 

glassy carbon working electrode in a 0.1 M [nBu4N][PF6] supporting electrolyte THF 

solution with a 100 mV/s scan rate and 0.01 M of sample referenced to Fc (+380 vs 

SCE). Scans were started at the open-circuit potential and scanned in the anode 

direction first; the second cycle is shown here. E1/2 values for (L4)2Ni are Ni(II)/Ni(I) 

= -0.59 V, Ni(I)/Ni(0) = -1.39 V. Note: This complex studied is poorly soluble in MeCN 

so CVs were performed in THF.  
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4.6.6 NMR and EPR Spectra of Synthesized Complexes  

 

Figure S48. NMR spectra (C6D6, 400 MHz) of (L4)Ni(OCOtBu)2.  

 

 

Figure S49. NMR spectra (CD2Cl2, 400 MHz) of [(L4)Ni(OPh)2]2.  

 

 
Figure S50. NMR spectra (THF-d8, 400 MHz) of (L4)Ni(OCOPh)2.  
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Figure S51. NMR spectra (C6D6, 400 MHz) of (L3)Ni(OCOtBu)2  

 

Figure S52. NMR spectra (THF-d8, 400 MHz) of NiLi3Cl2(O
tBu)3•2THF. 

 

Figure S53. NMR spectra (THF-d8, 400 MHz) of [(L4)2Ni]Cl. 
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Figure S54. NMR spectra (THF-d8, 400 MHz) of [(L4)2Ni]Br. 

 

Figure S55. Continuous wave (CW) X-Band EPR spectra of [(L4)2Ni]Br with g values 

fit to  g(x) = 2.115, g(y) = 2.114, g(z) = 2.456. 

 

Figure S56. Continuous wave (CW) X-Band EPR spectra of [(L4)2Ni]Cl with g values 

fit to  g(x) = 2.109, g(y) = 2.106, g(z) = 2.445.  
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4.6.7 Crystallographic Data  

Data collection: The measured crystals were prepared under inert conditions 

immersed in perfluoropolyether as protecting oil for manipulation.  

Crystal structure determination was carried out using a Rigaku diffractometer 

equipped with a Pilatus 200K area detector, a Rigaku MicroMax-007HF microfocus 

rotating anode with MoK radiation, Confocal Max Flux optics and an Oxford 

Cryosystems low temperature device Cryostream 700 plus (T = -173 °C). Full-sphere 

data collection was used with  and  scans. Programs used: Data collection data 

reduction with CrysAlisPro and absorption correction with Scale3 Abspack scaling 

algorithm.  

Structure Solution and Refinement: Crystal structure solution was achieved using the 

computer program SHELXT. Visualization was performed with the program SHELXle. 

Missing atoms were subsequently located from difference Fourier synthesis and added 

to the atom list. Least-squares refinement on F2 using all measured intensities was 

carried out using the program SHELXL 2015. All non-hydrogen atoms were refined 

including anisotropic displacement parameters.  
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Figure S57. ORTEP drawing (50 %) showing (L4)Ni(OCOtBu)2. Hydrogen atoms and 

disordered parts have been omitted in the sake of clarity.  

 

Figure S58. ORTEP drawing (50 %) showing (L4)Ni(OCOPh)2. Hydrogen atoms and 

disordered parts have been omitted in the sake of clarity.  
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Figure S59. ORTEP drawing (50 %) showing (L4)Ni(OPh)2 with half the symmetric 

half omitted for clarity. Hydrogen atoms and disordered parts have been omitted in the 

sake of clarity.  

 

Figure S60. ORTEP drawing (50 %) showing [(L4)2Ni]Br. Hydrogen atoms and 

disordered parts have been omitted in the sake of clarity.  
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Figure S61. ORTEP drawing (50 %) showing (L4)NiBr2. Hydrogen atoms and 

disordered parts have been omitted in the sake of clarity.  

 

Figure S62. ORTEP drawing (50 %) showing NiLi3Cl2(O
tBu)3•2THF. Hydrogen atoms 

and disordered parts have been omitted in the sake of clarity.  
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Figure S62. ORTEP drawing (50 %) showing (L3)Ni(OCOtBu)2. Hydrogen atoms and 

disordered parts have been omitted in the sake of clarity.  
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Table S1. Crystallographic Data 

 (L4)Ni(OCOtBu)
2 

(L4)Ni(OCOPh)
2 

(L4)Ni(OPh)2 

Formula C10.29H10.86N0.57 
Ni0.29O1.14 

C42H34N2NiO4.50 C21H19NNi0.50O1.5

0 
Formula weight 177.54 697.42 338.73 

T (K) 100(2) 100(2) 100(2) 
Wavelength (Å) 0.71073 0.71073 0.71073 
Crystal system Orthorhombic Monoclinic Triclinic 
Space group Pnma C2/c P-1 

a (Å) 8.6390(3) 44.5471(15) 9.4680(15) 
b (Å) 17.4573(10) 11.9193(5) 12.252(2) 
c (Å) 20.8047(5) 12.5427(4) 14.803(3) 

(deg) 90 90 100.401(5) 
(deg) 90 96.780(3) 97.331(5) 
(deg) 90 90 96.907(5) 

V (Å3) 3137.6(2) 6613.2(4) 1657.0(5) 
Z 14 8 4 

Density (calc.) 
(Mg/m3) 

1.315 1.401 1.358 

µ (mm-1) 0.660 0.636 0.629 
F(000) 1312 2912 712 

Crystal size (mm3) 0.040 x 0.040 x 
0.020 

0.090 x 0.060 x 
0.010 

0.050 x 0.030 x 
0.010 

Theta range for data 
collection (deg) 

2.553 to 37.284 2.446 to 28.951 1.708 to 27.896 

Index ranges -13<=h<=14, 
-22<=k<=15, 
-35<=l<=19 

-47<=h<=59, 
-12<=k<=16, 
-15<=l<=14 

-11<=h<=12, 
-16<=k<=16, 
-19<=l<=19 

Reflections collected 22056 28776 16033 
Independent 
reflections 

7206 
[R(int) = 0.0375] 

7433[R(int) = 
0.0357] 

7626[R(int) = 
0.0715] 

Completeness to theta 86.3% 
37.284° 

85.0%  
28.951 ° 

96.2 % 
27.896 ° 

Absorption correction Multi-scan Multi-scan Multi-scan 
Max. and min. 
transmission 

1.00 and 0.85 1.00 and 0.46 0.74 and 0.65 

Refinement method Full-matrix least-
squares on F2 

Full-matrix 
least-squares on 

F2 

Full-matrix least-
squares on F2 

Data / restraints / 
parameters 

7206/ 0/ 257 7433/ 194/ 494 7626/ 220/ 481 

Goodness-of-fit on F2 1.017 1.026 1.031 
Final R indices 
[I>2sigma(I)] 

R1 = 0.0397,  
wR2 = 0.0901 

R1 = 0.0450,  
wR2 = 0.1049 

R1 = 0.0666,  
wR2 = 0.1330 

R indices (all data) R1 = 0.0698,  
wR2 = 0.0993 

R1 = 0.0762,  
wR2 = 0.1162 

R1 = 0.1242,  
wR2 = 0.1557 

Largest diff. peak and 
hole 

0.475 and  
-0.468 e.Å-3 

1.038 and  
-0.659 e.Å-3 

0.703 and  
-0.692 e.Å-3 
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Table S2. Crystallographic Data 

 [(L4)2Ni]Br (L4)NiBr2 NiLi3Cl2(O
tBu)3 

•2THF 
Formula C58H49BrN7Ni C52H40Br4N4Ni2 C20H43Cl2Li3NiO5 

Formula weight 982.66 1157.94 513.97 
T (K) 100(2) 100(2) 100(2) 

Wavelength (Å) 0.71073 0.71073 0.71073 
Crystal system Monoclinic Monoclinic Triclinic 
Space group C2/c P21/c P-1 

a (Å) 32.275(3) 12.861(5) 9.9981(3) 
b (Å) 11.1373(11) 22.587(8) 11.4148(4) 
c (Å) 27.385(3) 7.834(3) 13.5283(3) 
(deg) 90 90 103.805(2) 
(deg) 101.187(2) 98.804(11) 103.504(2) 
(deg) 90 90 102.091(2) 
V (Å3) 9656.8(16) 2249.0(14) 1399.21(7) 

Z 8 2 2 
Density (calc.) 

(Mg/m3) 
1.352 1.710 1.220 

µ (mm-1) 1.276 4.432 0.908 
F(000) 4072 1152 548 

Crystal size (mm3) 0.500 x 0.030 
x 0.020 

0.200 x 0.100 x 
0.010 

0.080 x 0.060 x 
0.050 

Theta range for data 
collection (deg) 

1.516 to 
31.357 

1.602 to 29.346 2.299 to 31.958 

Index ranges -42<=h<=43, 
-16<=k<=16, 
-39<=l<=40 

-17<=h<=14, 
-28<=k<=31, 
-10<=l<=9 

-14<=h<=14, 
-16<=k<=16, 
-20<=l<=19 

Reflections collected 38133 23083 22057 
Independent 
reflections 

15247 
[R(int) = 
0.0431] 

5709 
[R(int) = 0.0814] 

9056 
[R(int) = 0.0452] 

Completeness to theta 96.1% 
31.357° 

92.4 %  
29.346 ° 

93.7 % 
31.958 ° 

Absorption correction Multi-scan Multi-scan Multi-scan 
Max. and min. 
transmission 

0.74 and 0.66 0.74 and 0.52 1.00 and 0.44 

Refinement method Full-matrix 
least-squares 

on F2 

Full-matrix least-
squares on F2 

Full-matrix least-
squares on F2 

Data / restraints / 
parameters 

15247/ 0/ 611 5709/ 0/ 282 9056/ 480/ 381 

Goodness-of-fit on F2 1.020 1.031 1.027 
Final R indices 
[I>2sigma(I)] 

R1 = 0.0443,  
wR2 = 0.0918 

R1 = 0.0555,  
wR2 = 0.1488 

R1 = 0.0529,  
wR2 = 0.1353 

R indices (all data) R1 = 0.0735,  
wR2 = 0.1008 

R1 = 0.0944,  
wR2 = 0.1723 

R1 = 0.0692,  
wR2 = 0.1440 

Largest diff. peak and 
hole 

0.552 and  
-0.442 e.Å-3 

1.285 and  
-1.305 e.Å-3 

1.640 and 
 -1.049 e.Å-3 
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Table S3. Crystallographic Data 

 (L3)Ni(OCOtBu)2 
Formula C24H30N2NiO4 

Formula weight 469.21 
T (K) 100(2) 

Wavelength (Å) 0.71073 
Crystal system Triclinic 
Space group P-1 

a (Å) 9.4391(3) 
b (Å) 9.6315(2) 
c (Å) 14.0382(3) 
(deg) 88.863(2) 
(deg) 82.422(2) 
(deg) 62.883(2) 
V (Å3) 1124.87(5) 

Z 2 
Density (calc.) 

(Mg/m3) 
1.385 

µ (mm-1) 0.895 
F(000) 496 

Crystal size (mm3) ? x ? x ? 
Theta range for data 

collection (deg) 
2.378 to 33.032 

Index ranges -14<=h<=14, 
-14<=k<=13, 
-21<=l<=21 

Reflections collected 22403 
Independent 
reflections 

7703 
[R(int) = 0.0173] 

Completeness to theta 90.4 % 
33.032° 

Absorption correction Multi-scan 
Max. and min. 
transmission 

1.00 and 0.87 

Refinement method Full-matrix least-
squares on F2 

Data / restraints / 
parameters 

7703/ 0/ 288 

Goodness-of-fit on F2 1.044 
Final R indices 
[I>2sigma(I)] 

R1 = 0.0253,  
wR2 = 0.0699 

R indices (all data) R1 = 0.0284,  
wR2 = 0.0713 

Largest diff. peak and 
hole 

0.528 and  
-0.360 e.Å-3 
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Chapter 5: Conclusions 
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5.1 Conclusions 

In conclusion, the work summarised in this Doctoral Thesis provide mechanistic 

information about two main research lines in nickel-catalyzed C(sp2)–O bond 

functionalisation reactions, and nickel-catalyzed reductive coupling reactions. 

 

In Chapter 2, the nickel-catalyzed Negishi cross-coupling of non--extended aryl 

pivalates was investigated, in which we provide a comprehensive analysis into the 

catalytic cycle and disclose on-cycle catalysis and deactivation or decomposition events. 

Initially, the direct oxidative addition of PCy3 bound Ni(0) complexes are demonstrated 

to form κ1-O or κ2-O bound (PCy3)nNi(aryl)(OPiv) complexes which undergo 

decomposition to Ni(I) species (PCy3)2Ni(OPiv). Studying into the role of Zn(II) salts 

provide evidence for zinc species undergoing halide exchange with on-cycle Ni-

pivalate complexes, undergoing ligand sequestering events, facilitating decomposition 

or deactivation pathways, along with reacting by productive transmetallation. The 

multifaceted effect of zinc salts shows a significant reliance on solvent choice in which 

Zn(II) salts react with Ni(0) complexes in weakly ligating solvents, while the reaction 

between Zn(II) and Ni(0) are disrupted with more coordinating solvents. Given the 

general uptake zinc salts have found in reductive cross-electrophile coupling reactions, 

one may envision these processes follow similar reactivity to those described in this 

study. Taken together, we believe the results reported within this work will promote 

nickel-catalyzed cross-coupling reactions from a preparative and mechanistic 

standpoint.  

 

Chapter 3, investigates an incompatibility of strong reductants in nickel-catalyzed 

reductive coupling reactions using redox active bipyridine ligands. From the reduction 

of (bipy)NiCl2 with magnesium powder we have synthesized and isolated an 

unorthodox Mg complex that do not only represent the first example of group 2 metal 

reduction to bipyridine dianions but also an unprecedented room-temperature 

magnesium stabilized electride. This bipy-Mg complex also offers new opportunities 

for accessing elusive metal intermediates by operationally simple techniques. We have 

additionally demonstrated the importance of ligand sequestering events in 

decomposition pathways, and solutions to overcome these limitations. 
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Chapter 4, describes a detailed understanding of electron transfer events and the 

factors contributing to comproportionation, disproportionation, and reduction of 

polypyridine ligated Ni species. We demonstrate that a subtle change in anionic ligands 

from Ni-halides to Ni-pseudohalides has a significant effect on nickel speciation in 

which Ni-halides adopt stable Ni(0), Ni(I), and Ni(II) oxidation states and react in 

comproportionation reactions while Ni-pseudohalides are only stable as Ni(0) and Ni(II) 

complexes and react via disproportionation. This divergent reactivity provided an 

opportunity to investigate the factors that influence comproportionation and 

disproportionation which were studied both experimentally and theoretically. 

Furthermore, modification of the anionic ligand to pseudohalides results in significantly 

harder to reduce complexes which do not undergo reduction with standard reductants 

such as Zn or Mn. The impact of these findings are extended to studies of catalytic 

transformations where organic bases act as poisons in reductive coupling reactions, 

while reactions that generate Ni-pseudohalide species on-cycle necessitate inorganic 

salts to regenerate catalytically active Ni-halide complexes. These findings also support 

a modification of traditionally accepted reaction mechanisms such as in the 

carboxylation of alkyl halides where reduction of Ni(I)-carboylates are proposed as a 

key step. Evidence provided within this work provides an alternative to this catalytic 

cycle by rapid disproportionation of the Ni(I)-carboxylate to form a Ni(II)-carboxylate 

and Ni(0), where the Ni(II)-carboxylate must undergo anion exchange by inorganic 

salts to reenter the catalytic cycle. This more rigorous understanding of electron transfer 

now provides increased control over both on-cycle and off-cycle species and we believe 

will assist in the development of new mechanistic understanding and preparative 

methodologies. 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
UNDERSTANDING NICKEL CATALYSIS AT THE MOLECULAR LEVEL: INSIGHTS INTO C-O FUNCTIONALIZATION AND 
ELECTRON TRANSFER EVENTS 
Craig Day



 

 
 281 

 

  

 

 

UNIVERSITAT ROVIRA I VIRGILI 
UNDERSTANDING NICKEL CATALYSIS AT THE MOLECULAR LEVEL: INSIGHTS INTO C-O FUNCTIONALIZATION AND 
ELECTRON TRANSFER EVENTS 
Craig Day


	List of Publications
	Acknowledgements
	Preface
	Abbreviations & Acronyms
	Abstract
	Chapter 1: General Introduction
	Chapter 2: Deciphering the Dichotomy Exerted by Zn(II) in the Catalytic sp2 C–O Bond Functionalization of Aryl Esters at the Molecular Level
	Chapter 3: A Room Temperature-Stable Magnesium Electride
	Chapter 4: Elucidating Electron Transfer Events for Polypyridine Ligated Nickel Complexes
	Chapter 5: Conclusions
	List of Publications (1)
	Acknowledgements (1)
	Preface (1)
	Abbreviations & Acronyms (1)
	Abstract (1)
	Chapter 1: General Introduction (1)
	1.1 General Introduction
	1.1.1 Transition-Metal-Catalyzed Reactions
	1.1.2 Group 10 Metal-Catalyzed Reactions
	1.1.2 Properties of Nickel
	1.1.3 Nickel-Catalyzed C(sp2)-O Functionalization
	1.1.4 Nickel-Catalyzed Reductive Cross-Coupling Reactions
	1.1.5 Reduction and Electron Transfer Events in Nickel Catalysis
	1.1.6 Comproportionation and Disproportionation of Nickel Complexes

	1.2 General Aim of this Thesis
	1.3 References

	Chapter 2: Deciphering the Dichotomy Exerted by Zn(II) in the Catalytic sp2 C–O Bond Functionalization of Aryl Esters at the Molecular Level (1)
	2.1 General Introduction
	2.1.1 Phenol Derived Electrophiles in Nickel Catalysis
	2.1.2 Aryl Esters in Nickel Catalyzed Negishi Cross-Coupling Reactions
	2.1.3 Organozinc Speciation in Negishi Catalyzed Cross-Coupling Reactions

	2.2 General Aim of the Project
	2.3 Deciphering the Dichotomy Exerted by Zn(II) in the Catalytic sp2 C–O Bond Functionalization of Aryl Esters at the Molecular Level
	2.3.1 Synthesis and Characterization of Oxidative Addition Complexes
	2.3.2 Studying Disproportionation
	2.3.3 Unravelling the Influence of Zn on Catalyst Turnover
	2.3.4 Transmetalation of Well-Defined Ni(II) Complexes
	2.3.5 Unravelling the Influence of Amide Solvents on Catalytic Activity

	2.4 Conclusions
	2.5 References
	2.6 Experimental Section
	2.6.1 General Considerations
	2.6.2 Synthesis and Characterization of Organometallic Complexes
	2.6.3 Stochiometric Reactions with Well-Defined Organometallic Species.
	2.6.4 Ni-Catalyzed Cross-Coupling Reactions of Aryl Pivalates with Organozinc Derivatives: Kinetic and Spectroscopic Analysis
	2.6.5 Characterization
	2.6.6 References for the Experimental Section


	Chapter 3: A Room Temperature-Stable Magnesium Electride (1)
	3.1 General Introduction
	3.1.1 Bipyridine Ligands in Catalysis
	3.1.2 Bipyridine Ligands in Reductive Cross-Coupling Reactions
	3.1.3 Reduced Bipyridine Ligands

	3.2 General Aim of the Project
	3.3 A Room Temperature-Stable Magnesium Electride
	3.3.1 Reduction of (bipy)NiCl2 to [(THF)4Mg4(2-bipy)4][(THF)6Mg2 (2-bipy)(Cl)] 3
	3.3.2 Computational Analysis of 3
	3.3.3 Reduction of sterically encumbered 6,6-disubstituted ligands
	3.3.4 Applications of Mg Complexes as Readily Handled Reductants

	3.4 Conclusions
	3.5 References
	3.6 Experimental Section
	3.6.1 General Considerations
	3.6.2 Synthesis and Characterization of Complexes
	3.6.3 Stochiometric Reactions
	3.6.4 IR, UV-VIS, and Cyclic Voltammetry
	3.6.5 NMR and EPR Spectra of Synthesized Complexes
	3.6.6 Crystallographic Data
	3.6.7 Computational Details
	3.6.8 References for the Experimental Section


	Chapter 4: Elucidating Electron Transfer Events for Polypyridine Ligated Nickel Complexes (1)
	4.1 General Introduction
	4.1.1 Importance of Studying Electron Transfer
	4.1.2 Past studies into disproportionation and comproportionation

	4.2 General Aim of this Project
	4.3 Elucidating Electron Transfer Events for Polypyridine Ligated Nickel Complexes
	4.3.1 Synthesis and Characterization of Ni(II) Complexes
	4.3.2 Studying Comproportionation of Ni(II) Complexes
	4.3.3 Studying Disproportionation of Ni(I) Complexes
	4.3.4 Electrochemical Investigations of Ni(II) complexes
	4.3.4 Stochiometric Reduction of Ni(II) Complexes
	4.3.5 Implication of Ni Speciation on Reductive Cross-Coupling Reactions

	4.4 Conclusions
	4.5 References
	4.6 Experimental Section
	4.6.1 General Considerations
	4.6.2 Synthesis and Characterization of Complexes
	4.6.3 Stochiometric Reactions.
	4.6.4 Catalytic reactions
	4.6.5 IR, UV-VIS, and Cyclic Voltammetry
	4.6.6 NMR and EPR Spectra of Synthesized Complexes
	4.6.7 Crystallographic Data
	4.6.8 References for the Experimental Section


	Chapter 5: Conclusions (1)
	5.1 Conclusions




